UNCLASSIFIED 


AD NUMBER 
NEW LIMITATION CHANGE 
TO 


Approved for public release, distribution 
unlimited 


FROM 
Distribution authorized to DoD only; 
Administrative/Operational Use; APR 1956. 
Other requests shall be referred to Bureau 
of Aeronautics, Department of the Navy, 
Washington, DC 20350. Pre-dates formal DoD 
distribution statements. Treat as DoD 
only. 


AUTHORITY 


NAVAIR ltr dtd 22 Apr 1980 





THIS PAGE IS UNCLASSIFIED 














Armed ervices Technical Information F eney 


Reproduced by i 


| | DOCUMENT SERVICE CENTER = 
KNOTT BUILDING, DAYTON, 2, O10 





“This document is the property of the United States Government. It is furnished for the du- 
ration of the contract and shall be returned when no longer required, or upon recall by ASTIA 
to’ the following address: Armed Services Technical Information Agency, 
Document Service Conter, Knott Building, Dayton a Ohio. OG 


v 





NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 
‘ FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. 8. GOVERNMENT THEREBY INCURS_ - 
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE - 
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE 
SAID DRAWINGS, SPECIFICATIONS, ‘OR OTHER DATA I8 NOT TO BE REGARDED BY _ =: 
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER | 
—&.. |: PERSON OR CORPORATION, OR CONVEYING ANY RIGH?'S OR PERMISSION TO MANUFACTURE, 
.. | USE OR. SELL ANY PATENTED ere THAT MAY IN ANY WAY BE RELATED THERETO. 






\\ 









BU AER REPORT AE-61-4-¥1 


AUTOMATIC FLIGHT CONTROL SYSTEMS 
PILOTED AIRCRAFT 


BASIC VOLUME PREPARED 8B 
NORTHROP AIRCRAFT INC. 


FOR 


BUREAU OF AERONAUTICS NAVY DEPARTMENT | 


> ag eG ee a aa 











— Leesan ie: oe a ee rire 
S 7 af. b = : ce 
4 > & . x v6 
7 es WC : ; 


* 


i ° 
2 , OS \ . : 
; a : % ae ‘ . \ 4 : : “ 
-_ ; Sal SE SO PR SMT YARRA nS. UY MGR! Ry man lei tdi aa tt 
*; = ve) * 1 : 


x 





gi BU AER REPORT =| __ 
Renee AE-61-4 Ww | | ae “a 
. APRIL 1956 | Pia 

seen 






Ret 
Vat CG a) “ 
; Pia af ri 
eee ae 


at 
Ni ROLE 


32 3 . ot 


PREPARATION OF VOLUME SPONSORED BY 4% 


1S 


BUREAU OF AERONAUTICS é 
NAVY DEPARTMENT 






















IMPORTANT NOTE 


“This volume was written by and for engineers and scientists who are : ; 
concerned with the analysis and synthesis of piloted aircraft flight | 
control systems. The Bureau of Aeronautics undertook the sponsorship of | 

' this project when it became apparent that many significant advances were eee 


_ being made in this extremely technical field and that the presentation © 7 


and dissemination of information concerning such advances would be of | 





benefit to the Services, to the airframe companies, and to the individ- 


Ths ge uals concerned. 


A contract for collecting, codifying, and presenting this scattered. 
material was awarded to Northrop Aircraft, Inc., and the present. basic 


volume represents. the results of these efforts. 


The need for such a volume as this is obvious to those working in 
the field. It is equally apparent that the rapid changes and refine- 





ments in the techniques used make it essential that new material be 
w= added as it becomes available. The best way of maintaining and improving 
the usefulness of this volume is therefore by frequent revisions to keep 


it as complete and as up-to-date as possible. 


For these reasons, the Bureau of Aeronautics solicits suggestions 
for revisions and additions from those who make use of the volume. In 
some cases, these suggestions might be simply that the wording of a 
‘pel be changed for clarification; in ohhan cease, whole sections — 
outlining new techniques might be submitted. . 











®| 
Each suggestion will be acknowledged and will receive careful study. 
For those which are approved, revision pages will be prepared and dis-— - 
tributed. Each of these will contain notations as necessary to give full 7 
credit to the person and organization responsible. 
This cooperation on the part of the readers of this volume is vital. 
Suggestions forwarded to the Chief, Bureau of Aeronautics (Attention 
AE-61):; Washington 25, D. C., will bemost welcome. 
44 : 
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PREFACE 


This volume, “Automatic Flight Control Systems for Piloted Aircraft,” = 
is the sixth in a series written under Buder Contract NOas 51-514 (¢) on 
the general subject of the analysis and synthesis of piloted aircraft 


flight control systems. The preceding five volumes are listed below. 


Buder Report 


AE~61-4, I 7 — Methods of Analysis and Synthesis of : 
. | Piloted Aircraft Flight Control Systems 

_AE-61-4 IT fd Dynamics of the Airframe | : 

AE~61-, I The Hunan Pilot 

AE-61-4 IV The Hydraulic System 

AE-61-4, V . The Artificial Feel Systen 


Volumes I through IV of the above list are concerned with methods 
of constructing and manipulating mathematical models of the various 
components of automatic flight control systems. The methods used are 
based on the transfer function concept. Volume I deals with general 
techniques which are applicable to any problem in servomechanisms or 
automatic control. Volume II is concerned specifically with the. airframe 


© 


and was written to provide the flight control designer with the basic 
knowledge of rigid body airframe dynamics bearing directly on aircraft 
control system design. The characteristics of the human pilot which are 
important to the design of flight control systems are covered in Volume 
III, and transfer functions are presented for those human pilot character- 
istics for which such representation is realistic. Mathematical models 
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of typical aircraft hydraulic surface control systems are developed in Volume IV. 





Volume V is the first in the series to be devoted to desten methods; it. presents 


the fundamental concepts underlying the design of the artificial feel syetem. 


like Volume V, the present volume (Volume VI) is devoted primarily to de- 
sign. Its purpose is to present methods for designing automatic flight control 
systems. _A large portion of the volume is. based on actual experience at Northrop — i 
Aircraft, Inc., particularly Chapters III and IV which deal specifically with . 
design procedures. Section 3 of Chapter III traces the actual design of a 


stability augmenter which is currently in operational use. 


' This volume is written for the college graduate who has had some training 
in systems engineering. It is assumed that the reader is familiar a the 
material covered in the other five volumes, However, where necestary, ‘certain 


| aspects of the material previously presented are reviewed. 


The history of the development of automatic aircraft control is briefly 
described in Chapter I, along with a discussion of the general functions per- 
formed by present day automatic flight control systems. The basic components 
of automatic flight soubeaa systems are described in Chapter II, and where 
possible, their transfer functions are derived. In Chapter II, a design pro- 
cedure is recommended and its use is illustrated by an example. The manual 
is concluded with Chapter IV, in which the systems engineering cnet is dis- 
cussed os with some other useful design considerations. 
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-. PAST AND PRESENT 
AUTOMATIC FLIGHT CONTROL SYSTEMS 


SECTION 1 - HISTORY | 

“The firct formal, records of an attempt to control an aircraft 
automatically are those describing the early work of Elmer Sperry. - 
His first attempts were made in 1910, only seven years after the - : 
Wright brothers’ first flight. Mr. Sperryts original device was o * ) 
called a “gyro stabilizer and its function was to keep the airplane : : oar a 
in level flight. It consisted of ‘ large rotor with its spin axis | | 
aligned with the yaw axis of the airplane. The rotor was driven by .. 
a belt from the engine. Mr. Sperry felt that the rotor, which was - 
gitenhed, pigidly 4o:theval xtreme, wold eealet cmmanted rolling and Safe 
pitching tendencies. This device was never flown, however. 


During the two years following 1910 Sperry designed end built a os: A 
gyro stabilizer which contained the basic elements that were used in | walle 
all. autopilots for the following thirty years. The gyro stabilizer 
of 1912 used gyros only to establish a substantially horizontal plane 
in the airplane and to generate signals to operate. servos driving the 
ailerons and elevator. Provision was made for the pilot to give flight 
commands by using his controls to introduce signals between the servos 
and the geometrical setarencas provided by the gyros. The first flight 

| of the gyro stabilizer was made in 1912, and additional development work ~°_ 


was carried out in 1913. In 1914, Mr. Sperry’s son Lawrence won a = 2: 





: safety prize of 50,000 francs offered by the Aero Club of France for the most 
- stable airplane. The seinainig demonstration, which took. place in Paris, con- 
eites of a low altitude flight down the Seine in a Curtiss flying boat with 
- the gyro stabilizer installed. As the airplane approached the judges' stand, 
the. Frenth mechanic climbed out on the wing while Sperry stood up in the cock- 
7 pit and raised his hands above his head. | 


Sperry's. objective in developing the gyro stabilizer was to provide an 
; accessory which would make the airplane a more practical device. This was con- 





‘ sidered necessary for the early airplanes because their stability was so marginal 
that it was only with extreme and continuous alertness that the human pilot was 
able to Keep them in the air. However, during the war years of 1915 to 1920, 

a- great deal was learned about building inherent stability into the airframe. 

For this reason the autopilot was no longer needed to provide stability, since 

- the human pilot could provide adequate control. This condition existed through . ° 


However, by the late 1920ts airplane performance had improved to the point 
where the duration of flight and range were so great that pilot fatigue became ; : 
an element for consideration, The usefulness of the autopilot in providing 
pilet relief during long hours of flight was first demonstrated publicly. by 
Wiley Post in his solo flight around the world in 1933. In this flight, Post 
used the prototype of an autopilot manufactured by the Sperry Gyroscope Company. 
The use of the autopilot for this flight attracted a considerable amount of — 
publicity at « time when the comercial airlines were beginning their rapid ‘ 
expansion because it was in thie same year that the United States Commerce 


12 fd | 2. # 








Department gave the airlines permission to fly passengers under instrument 7 
conditions. in the following year (1934), the first commercial airline 
qeistatbabion of an autopilot was made in the Boeing 2476 Between 1934 
and 1940 the autopilot was widely used in both commercial and military 


. aircraft. 


Prior to World War II, most of the autopilots were early versions of = | 
the Sperry autopilot. Their primary function was to hold the airplane. 
"still" while the human pilot performed other: duties. Physically they 


consisted of air-driven gyros with the gyro gimbals operating air valves. 





The resulting air signal was used to operate the pilot valve on a hydraulic 
cylinder which in turn applied torque to the control surface. A schematic 
diagram of the elevator channel of the Sperry autopilot of 1936 is shown | 

in Figure I-1. <i | | = pe 


The first all-electric autopilots were developed in 1941 and one ver- 
sion was used in many of the bombing type airplanes of this era in combina- 
tion with the Norden bombsight to provide automatic control of the airplane 
during bombing rune: This combination was used very successfully throughout 
World War It. With the exception of the bombsight tie-in, the autopilot 
was still essentially a pilot relief device, although coordinated turns 
could be accomplished by means of a single knob, arid a miniatare "formation 
stick" was provided to allow easier maneuvering. Heading reference was 
obtained from a free gyro which riecessitated frequent resetting to compensate 
for gyro drift. Manual synchronisation of the gyro pickoffs : : 
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was required prior to wigauenent » and autopilot parameter adjustment 
knobs were available to the pilot in the cockpit. In fact, the number 
of adjustments which the human pilot was required to make to insure | 


proper flight control constituted one of the major dloadvantakes of 


The first autopilot to osorids automatic synchronization of the 
signal pickoffs was produced in 1943. ‘This same autopilot was alee 
_ the first to provide a magnetic heading se emacibe: The altitude control 
function was added in the following year, and automatic landing approach 
equipment was used successfully in the late 1940*s. With the exception 
of the refinement of components, the basic relief autopilot of ony 
Oo | uses essentially the same mechanization as those of the 1940's. 8 













{ 
a — 
- autopilots of this era. 
| 
t 
| 
j 
| 
| SECTION 2 - AuToMATIC FLIGHT CONTROL SYSTEMS OF TODAY 
As mentioned in the previous section, automatic control was con- | 
sidered useful on the very early airplanes because of their poor stability. ‘. 
However, much was learned about designing inherently stable airframes 
during World War I so that autopilots were no longer needed to’ improve 


stability. This situation existed throughout World War I. 


. _ The war emergency brought. about a tremendous increase in military 
= airplane design effort which resulted in airplanes with greatly improved: 
speed and altitude capabilities. This trend has continued since the war 


ty : 


ae and has been greatly accelerated through the use of jet propulsion. The 


— sh \ 


i 


fo ; tremendous increase in airplane performance since 1940 has been accompanied by 


_& continual increase in control surface hinge moment requirements and a con- 





, tinual decrease in airframe inherent stability. Early attempts to reduce the 
control stick forces which accompanied the increased surface hinge moments | 
. consisted of such aerodynamic devices as aerodynamic surface balance, servo 
‘ tabs, spring tabs, etc. As aircraft speeds continued to increase, however, 
it was found necessary to provide hydraulic power to aid the pilot in moving 
: the control surfaces. Early versions of hydraulic boost systems aided the 
pilot by providing only a portion of the required hinge moment, However, as 
| the dynamic pressures encountered in flight continued to increase and control 
: surface centers of pressure moved aft due to the effects of supersonic flow, 
it was found necessary to increase the portion of the hinge moment supplied 
_by the hydraulic boost system, and most present transonic airplanes require 
that 100 percent of the surface hinge moment be supplied by the hydraulic sys- 
| tem. The pilot in such systems merely provides the function of positioning 
the control surface through the hydraulic systen. However, since pilots have 





been trained to fly by the physical association of control force with airframe 
_ Fesponse, the introduction of artificial force producing devices has, become 
necessary for such systems. Two of the volumes in this series have been de- 
voted to the problems created by the increased surface hinge moment; Volume 
. IV covers the design of hydraulic surface actuating systens and Volume V the 
design of the artificial feel system, 7 yee 3 
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As in the case of the increased surface hinge moment, the reduced 
airframe stability was handled successfully during World War II by aero- | i 
dynamic means, but by the late 1940's it was found that aerodynamic ics 3 = ie 
methods were no longer adequate for those airplanes whose maximum speeds ~ ane 
ward apovoabbitic the weleeity of sowie The réauetion th airfrens in = 
herent stability which has accompanied the improved performance stems 
from several sources. Among these are: ae 


(a) increased speed resulting in wider variation of acrodynanic 
characteristics : 


(b) increased altitude 

(c) smaller wings - higher wing loading 

(d) reduced effective aspect ratios and redistribution of airplane 
weight components increasing the importance of inertia 
factors f 


(e) variations of the aerodynamic parameters in the transonic 
range 


(f) increase in flexibility of airplane structure. 


The deterioration in airplane stability which has ééetapantes the 
above changes is manifested by an increase in the airframe natural fre- 
quencies, a decrease in airframe damping and deterioration of airframe 

static stability. This trend has continued to the present and there is” ; 
ne indication that future airframe designs will show an improvement. : 


0 





One of the several modes of airframe motion which have been affected by 
“the deterioration in stability is the so called dutch roll oscillation which 





is characterized by a combined rolling, yawing, and sideslipping estes Ae | 
- ‘though the dutch roll damping ia almost always positive, tte oftenae low 
- that continuous oscillations occur in flight due to frequent ‘excitation by 
ate and control inputs. Continuous dutch roll is not only uncomfortable 


é to both the pilot and crew, but is in the case of a military airplane an im- — 





. pediment to the accomplishment of its mission. Tactical military airplanes 


must be capable of flying a smooth flight path for gunnery or rocket firing, 





bombing or photography. It is therefore necessary that any erratic airframe 
" motion that cannot be controlled by the pilot be controlled by some other 
method. The only presently known method of accomplishing the desired stabiliza- 
tion on contemporary airplanes is by means of automatic control. 


Automatic control devices for improving airframe stability have been 

labelled variously in the past as stabilizers, dampers, detoptiote and sta- 

bility augnenters. The latter term will be used throughout this report, = oe 
°, Stability augnenters operate almost universally by sensing one or more of : 

the airframe motions and then moving a control surface to oppose the air- | 

frame motion, This can best be visualized by reference to Figure I-2, 

which shows the block diagram of a yaw stability augnenter. Such a device 

serves the purpose of ‘increasing the damping of the airframe dutch roll 

mode of oscillation. In practice, the rate of yaw is sensed by the rate. 


I-8 





gyro. The rate gyro output signal then consists of a voltage proportional - 
to the rate of yaw. This signal is amplified and shifted in phase as ne- 
cessary by the control unit, and the resulting signal is used to operate 
the servo actuators The servo actuator, in turn produces oad motion — 
proportional to the control unit output signal. and phased to oppose the 
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Figure I-2 Block Diagram of Hirframe Control Loop 
with Stabrlity flugmentor ’ 
The function fulfilled by the stability augnenter of Figure I-2 is 
only one of the manifold uses to which the various systems and subsystens 
of automatic flight control systems are put. Among the additional functions : 
of automatic flight control systems are: . / 
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(a) Pilot fatigue relief 


(bd) Maneuvering control 





~ 2¢@) Automatic navigation 
(4) Automatic tracking 
3 (e) Autohatic take off and landing 
- Before concluding this chapter, one additional comment should be made: 
a Through years of usage, the term “automatic pilot has to a great many people, 
| ‘implied a device which performs only the function listed as item (a) above, 


‘This definition applies quite well to most of the automatic control devices 





discussed in Section 1 of this chapter. As discussed above, however, preset 


day automatic flight control systems perform many functions in addition to 


° 


pilot fatigue relief. For this reason, the term “autopilot has been used: ! 
quite sparingly in the discussions which follow. | | 
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| Flight Contro 


"CHAPTER II 
COMPONENTS OF AUTOMATIC FLIGHT CONTROL SYSTEMS 


. SECTION 1 - INTRODUCTION 
In Chapter I, only a general discussion of aubonatio flight control . i 
systems was given and no attempt was made to give specific details about a 
any particular system or component. This chapter presents a, somewhat -de- 
tailed discussion of the components that are commonly used in automatic. 
' flight control systems. The components to be discussed are shown in the 


block diagram of Figure II-1. Most systems contain examples of all the 


blocks shown in the dfagram, 
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Section 2 


The components shown in the figure will be discussed in the following order: 


1. Airframe kh. Sensors 
2. Human Pilot . 5. Controllers 
3. Surface Control Systems 6. Actuators 


“SECTION 2 - THE AIRFRAME 

The problem of designing an automatic flight control eretenn resolves 
itself into that of building a mechan’. capable of controlling the motions of . 
an airframe. This procedure is greatly facilitated when the motions of the 
airframe are represented by a mathematical model. The equations which rep- 
resent the mathematical model of the airframe can be derived by equating the- 


aerodynamic forces and moments acting on the airframe to the craft reactions 


“according to Newton's laws. Since the airframe has six degrees of freedom in 


space, six nonlinear simultaneous differential equations are required to pro- 
vide complete representation of airframe motion. Three additional equations 
are required to describe the airframe orientation with respect to the earth. 


In this section, these nine equations are presented and their application is 
discussed. . 


It has been customary in the past, when studying airframe dynamics, to 
assume that the airframe motion consists of small perturbations about some 
steady flight condition. This assumption permits considerable simplification 
of the airframe equations of motion. Asa result of this simplification, the 
six nonlinear differential equations reduce to two independent sets of three 
linear simultaneous differential equations. These équations have been called : 


the "airframe perturbation equations.” The simplification provided by the 


above assuaption greatly facilitates the manipulation of the airframe 


€ 
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mathematical model because the resulting equations are linear and there- 
fore subject to the many powerful analytical techniques involving the use 
of transfer functions. In eae tion, relatively simple os can be 


used for enalog comput er studies. 


These equations are used very extensively when studying airframe 


dynamics in conjunction with the design of automatic flight control equip- 





ment, and the bulk of the material contained in this manual is: based.on. 


the use of the airframe perturbation equations. | 


Comparison of analog computer results, obtained using the perturba~ — 
tion equations, with flight test results has often verified the accuracy = 
of such representation, especially when the airframe disturbances from 


the steady flight condition are relatively emall. However, when study- 





ing the dynamics of an airframe during maneuvers involving large changes 
in airframe attitude, it may be necessary to utilize the complete six 
degree of freedom equations, especially for those airframe configurations 
whi:ch exhibit stirong inertial coupling between longitudinal and lateral 

| modes of motion. This characteristic is becoming increasingly important, 
in view of present airframe design trends toward shorter wings, thus 


concentrating the airframe mass near the fuselage. In the airframe equa- . 


tions of motion, this trend causes the inertia coupling parameter* . - . 
T, a7. . a : if ae 
ree to become larger. This parameter approaches unity for nae 


. configurations having low inertia in roll relative to pitch and yaw. 
For fighters of World War II, this parameter was of the order of 0.3 to 0.4.## 





See Equations (ii-13 je 


Ordway B. Gates, Jr., Joseph Weil, and C.H. Moodling, "Effect ‘of Automatic 
Stabili~ation on Sideslip and Angle of Attack Disturbance in Rolling Maneuvers," 
NACA RM “L55E25b, 1955. (Contidentia1) 
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| he In the initial Hanwe of design of an aircraft control eames ‘the airframe 


y Pee may be soniatdeped an alterable element. Airfrane petaneters such as control sur- 


= 


.face effectiveness and tail Sige a3 well as requirements for split or separate i 
surfaces for automatic control may be influericed by control systen sbjuotives - 
i : 7 a ; “arid requirements during the preliminary design stage. Studies for establishing | _ o | 
cree those airframe characteristics which are influenced by the automatic control 
: Lo system can be made on the analog computer utilizing the airframe equations of 


motion and equations representing some portion of the control system, such as a‘ 





- OO  @ stability augmenter. OMENES many design parameters affecting the airframe 





performance are fixed = considerations other than control, such as landing 
speed and maximum weight. In addition, because of production requirenents for - 
lead time, the final airframe exterior configurations must be completely 
established very early relative to other components of the control ayatene 


These considerations make it necessary to regard the airframe as an unalter- 


in the discussion that follows, it will be assumed that initial studies have 
been completed, and the airframe will be considered an unalterable element. 


av 
is ‘ 
"> 


” ; : 

‘ | able element very early in the design stage. For the purpose of convenience 

! 
, (a) THE COMPLETE AIRFRAME EQUATIONS OF MOTION 


The form of the airframe equations of motion depend somewhat on the 


\ 
: 
. - : ‘axis system along and about which the force and moment equations are written, 
| : Many systems are in common use and convenience usually dictates the form which 
| 4s best for a particular application. Table I lists the axis systems which 
are commonly used. All of those listed are right hand orthogonal systems with 
the origin at the airfreme center of gravity, the.z axle in the plane of symmetry | 
and positive downward, the x axis positive fotward, and the y-axis positive to 
the right. | | | 
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ao Stability Axes ’. The x axis is in the plane of symmetry, aligned with the > | 
oP | projection of the relative wind in the plane of symmetry rie 
"for the steady flight, condition. The y axis is perpendi- ao 
cular to the plane of symmetry. Axes remain fixed to the Lele 
airframe in this poaitian ges any subsequent : i 
maneuver. de age 





Principal Axes | These are the same as stability axes except that the x I: 
. axis is aligned with the airframe principal axis. ee 


Body Axes. These are the same as principal axes and stability axes | 
' except that the x axis is aligned with some convenient | 
longitudinal reference line, such as the fuselage re- |. 

ference line or wing cord line. 


aa ee ee a = 
: 4 a = 3 | 
‘ 2 +t se “Ye iton 3 si 


Wind Axes | The x axis is always aligned with the relative wind; 
however, the z axis remains in the plane of symmetry. 
The y axis is perpendicular to the x and z axes. 





|. ind Stability Axes The x and z axes always remain in the plane of symmetry; 

L | however, the x axis moves in such a way that it is alw 
C) Ng aligned with the projection of the relative wind in the | 

plane of symmetry. 
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fable II-1. Airframe Axis Systems 


The first three sets of axes listed in Table II-1 are fixed to the air- 
frame. The choice of axis system to be preferred for any given problem 





usually depends upon the form of the available stability derivative data. 
‘Some engineers prefer to use principal axes since the cross product of 
inertia is thus eliminated; however, stability derivative data are seldom 
obtained with respect to this axis system, In the past, most aerodynamic. 
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_ data have been presented with respect to stability axes, and for this reason, 

“ this axis system has probably been more popular than any other. Présent trends, 
especially for the presentation of supersonic aerodynamic dats » are toward ‘the 
use of body axes. As indicated in table II-1, ‘the x* body axis is usually - 





. aligned with the fuselage reference line. This simplifies the bookkeeping 


: somewhat eines all aerodynamic dataare referred to a fixed axis system. 


. into components, since the x axis is always parallel to the drag vector and the 


z axis is at all times parallel to the lift. However, the moments and products 


moment equations about stability axes.* It is of course necessary *9 relate 
‘the two axis systems. 


“a combination of the stability and wind axis systeas. In this case the lift 


products of inertia vary with engle of attack unless the moment equations are 





Sy 
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~ 


In the wind axis system, the lift, drag, and velocity need not be resolved 


of inertia vary with angles of attack and sideslip. Oné way of avoiding the 


latter complication is to write the force equation along wind axes and the 


As the name implies, the wind stability axis system is, in some respects, 


is always along the z axis, but the drag vector may deviate from the x axis by 


the sideslip angle& . As in the case of the wind axes, the moments and 


written ‘about. axes fixed to the airframe. 








i 
; | 
ane ie 
*3.7. Van Keter, Dynamic Geum © of Interceptor. Airplanes to Ture Commands , ge a > I 
‘TACP Report 10, MIT, August 195b. ; ane e i 
; Jk 
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The derivation which follows is valid for any of the first three 
sets of axis systems described in Table II-1, or for any right hand | 





orthogonal axis system in which the origin is at the airframe ce : : = 
the xz plane is a plane of symmetry, the positive x axis lies more | - : oe 
or less along the flight path and the s axis is positive downward. 
Axés attached rigidly to the airframe are chosen Sree wind axes be- - 
cause most stability derivative data are presented with reference - . | : * Sale 
“be either stability or body axes and because computer results are. ae ae i 


somewhat easier to interpret when angular and linear velocities: are : 





referenced to the same axes. 


The completie ‘derivation of the airframe perturbation equations IRS, as : . a 
has been carried out in Reference 9. In that derivation, the 
equations are linearized prior to the expansion of the aerodynamic 


forces and moments, and for this reason, the complete equations are 





not presented there in a form suitable for immediate application. 
The early portion of the derivation of Reference 9 , is, however, | 
valid for the derivation of the complete equations. Although this 

" portion of the procedure is straightforward, it is rather lengthy, | 
and for this reason will not be repeated here, The steps which are ; . E 
omitted consist of obtaining expressions for the components of the 7 | ey 
linear and angular acceleration of a rigid nears The resulting ex- a 
pressions are presented as Equations (11-25) of. Reference 9°, 


and are given below as Equations (II-1). 
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Equations (II-1) are based on the following assumptions: 


1. The airframe is a rigid body. 
2. The earth is assumed to be fixed in space and the earth's atmosphere is 


assumed to be fixed with respect to the earth. 


gj & 


pn 


3. The mass of the airframe is constant during any dynamic analysis. 


4. The xz plane is a plane of symmetry and therefore Ly =4, = O .. 


In Equations (II-1), the letters /,V.,W,P,Q,an& 
. represent total velocities along and about the x, y, and z axes respectively; 


- TT ae 
SER BAIT A EON REESE ET 


777 is the mass of the airframe; “ , fy ,and 4, are the externally 
applied forces along the x, y, and z axes; and 2. , /7 , and // are the 


externally applied moments. The moments of inertia about the xX, Y, and. z axes 


are given by Ly ty » and ae $ and the cross product of inertia is given 
by Lee 
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| ° The externally applied forces and moments consist of aerodynamic, gravi- . 


tational, and thrust forces and moments. 
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If the origin of the chosen axis system is at the airframe cg, and if 


Se Ree 


the thrust line lies in the plane of symaetry (xs plane), several of the 


terms in (II-2) are equal to zero. 





(Z-3) Ao=G =M =4,=4¢ =“Y=0 


Then Equations (II-2) can be reduced to Equations (II). 
E6 = ee +4, 


(1-4) £4 =5,, th, +, 


Zz 7 _gake 
EM: gaan + Mo 


EA’> Newpo 


i 

y 
= 
| 

\ 

{ 

i 
4 
{ 
d 





Section 2 | ate 





Each of the terms on the right side of Equations (II-4) will now be expanded 














in terms which can be utilized to form the complete airframe equations of sgh te 
motion. | e 
To express the forces along the x, y, and z axes due to gravity, the two ; sie ) e 
angles Dp and @ are utilized. These angles are defined in Figure II-2. a 7 bt - fa Te 
Figure II-2 also shows the angle LY which is used to define airframe heading. . : se i ‘ 
The angles gp ’ @® “ and J are called "Euler angles" and are used to | - 3 . = El Lh, 
relate the airframe axes to earth-bound axes. In Figure II-2, the angle BD | iH 1. 
is the angle between the airframe y axis and the horizontal plane, measured a | ; | A : 
in a plane perpendicular to the airframe x axis; the angle C2) is measured | an 
vertically between the airframe x axis and the horizontal plane; and the angle - - ma ; : 
L is the angle between an arbitrary reference line in the horizontal | , O ° 
plane and the projection of the airframe x axis in the horizontal plane. By . 1 - 
direct resolution from Figure II-2, the gravity forces along the airframe axes tke 
are found to be . | ee n {r 
oo EL foe 
Ea Me sw @ 3 ae = 42 alt 
(1-5) = | . 3 "ty we at eh 
Pg am OwS ~ jh 
fa, = es OSE 
where W is the airframe weight. 5 
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Figure I+2 Euler fingles 
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The thrust forces and moments are expanded with the aid of Figure II-3, 


(r-é) 


(2-3) 


“If the magnitude of the thrust along the thrust line is designated by 7 , 





Figure I-3 Thrust Relationships 


the thrust components can be written as 


Nr 7 cas & 
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it 
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= 7Ey 


If it is assumed that the thrust is a function of only the variables C/ 


and J 


Nam . (engine rotational velocity), Equations (II-6) become 


£ = [ra + Sop J cos & 
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The aerodynamic forces and moments can be expressed functionally as 
shown in Equation (II-8). | 


(8) - = AGI, 238% een te 56 ae) 


| where | 4, = aileron deflection 

: Je.= elevator deflection 
G, = rudder deflection 
4, = flap deflection 
4g= speed brake deflection 


and the functional notation indicates the force is a function of the in- 
dicated. variables and their derivatives. | : 


Before the complete equations are written, however, several simpiffi- ¢ 


cations can be made. Since it has been assumed that the xz plane is a 
plane of symmetry, all terms which represent the functional relationship 
between the longitudinal forces and moments ( , Z , and/7) and the 
lateral variables 7 and < can be dropped from the equations because 
the quantities are not functionally related, The sau condition exists 
for those terms which represent the functional relationship between the 
lateral forces and moments ( Z , /A/, and < ) and the longitudinal 
variable G) . In addition, it is assumed that the flow is quasi-steady. 
This asswiption eliminates all time derivatives arising from acceleration 
of the air mass except the W tem which is retained in the pitching 
moment equation to account for the effect of dowmmwash lag. It is further 
assumed that the drag caused by 4 and Zo is negligible. with these 
simplifications, the functional relationships are expressed as: 


* — ‘ 
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Although mathematically rigorous methods exist for separating the variables 
_ of (1-9), the resulting equations cannot easily be mechanised on an analeg~ _ 
computer, This situation exists because the forces and moments cannot in | 
general be represented as the sm of the forces and moments due te each of - 
the variables individually, since the force er moment due te one variable is: | 
a function of many of the other variables, For example, the cL moment due 
to VY is a function of 1/ and W . Experience has sho, however, 

that many of these effects are mall-and that useful results can be obtained 
if the functional ‘relationships show in Equation (II-9) are separated as 
shown in Equations (11-10). a : 
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In the above equations, ayabole of the forn 2. (V) uw a 
indicate that the rolling mment duete / isa functien of Ly - git « ae 
and W . Data representing these relationships will usually be pre- 
sented in nondimensiensl form as families of curves, as chown in Figure 
TI-he o; ‘ 
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Figure I 4 Typical. Presentation of Aerodynamic | Data 


In Figure II-hy, ae 
\ y) 


i 





(t-//) . Cv) = pst 


To simplify the presentation of aerodynamic data, curves such as those 
of Figure II-4 are usually plotted as a function of [2 and cx rather than 
¥ and W . Reference to Figure II-5 shows that ye and < are given 
by Equation (II-12). | —_ 


#A more complete discussion of dimensional and nondimensional coefficients is 
‘given in Reference 9. 
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i Figure O-5 ingles of fttack and Sideslip 
The approximations of Equations (II-12) are quite accurate for small values 
of YS and ot and are in error by less than 10% for angles up to 30 
degrees. | 
Aerodynamic data defining the other terms in Equations (II-10) would 
be presented by curves similar to those of Figure II-4. It is evident that 
‘for any particular sirframe and flight condition, the determination of each 
| | : | II-17 
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: of the terms in Equations (II-10) becomes an individual problem, Each term is 
. investigated te determine hew elaborate its nechanisation should’ be: to previse 
- soceptable accuracy, 


‘When Equations (11-4), (II-5), (II-7), and (z1-10) are = with | 
_—‘Bquations (TI-1), the remilt is 
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| Since Equations (II-13) are composed of eight variables but only oix 
{ . equations, two additional equations are required before @ sinultancous . 
fe 


solution can be made. These twe additional equations are needed te relate 
the airfrane attitude angles J and @) to the airfrane angular velocities. ° 
: 2 * Qe and 4°. These equations, plus the equation ‘relating the: ° ee 
heading angle Y te the airframe angular wales testy oan be ‘written frou 
an inepestion of Figure 11-2, 
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~ Rquations (IT-13) and (1%-14) make up the complete airframe equations of 
motion, and they can be mechanised en an analog computer in the form shown. 
It will be neted that the equations are nonlinear, and therefere asalinear 7 
computing elements are required te perfora function multiplication and 
functien generatien. The equations are valid for any attitude or cenfigura- 
tion fer which aerodynamic data ean be obtained, except for @):= +90 

‘ degrees, at which attitude the Euler angles g and Y are undefined, 
as is evident fren their definitions and from Equations ae 
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As nankioned previously, Bias tises (12-13) and (11-14) are vale fen 
any of the first. three sete of axis systens defined in Table II-1, In the 
& dSecusuive = aeeemeenr tre that: table, it was me that ome ‘gisplifieation 
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| is effected if the principal axes are chosen since this eliminates the cross. 

‘products of inertia, and thus the terms multiplied by Ze in Equations 
(I-13) are eliminated, Further, since the fuselage reference line often lies - 
very close to the principal x axis, the cross product of inertis is sometimes - 


negligible for this axis orientation also. However, if stability axes are 


chosen, 4t will he necessary to retain Lye for mest flight conditiens. 


For a specific airframe, it will be possible to reduce many of the aero- 
dynamic terms in Equations (11-13) to the form ef the conventional dimensional 


| stability derivatives. For exaaple, if the term X Oy. ie a linear function 


of UY and. does not vary significantly with W for the ranges of </ and / 
anticipated for a specific eee, then (Y) w oan ‘be Teplaced § in the equation 


bw | 
(H)". XW = oe ur X(Q) 


Dividing the alone derivative by. mM cives the conventions] stabiity 
dsttrative, ; 


% 
(| (I=) Lk gh 2% 


When the complete equations are applied to s specifie airfrane, it wai: 


_ often be found that many ef the nonlinear terms are © negligible, ‘One investigator, 
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‘ihere. the serd subscript indicates the initial Value and the lower case letter, 
indicates deviations therefrenm. 
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Triplett,* has found that the terms W& and Re vere ‘unimportant for . 
rolling maneuvers involving roll angles up to 100 degrees. Two other a 


investigators, Sherman and Sternfield,#* using equations referenced to 





prinpfpal axes, found that the terms: RV and DA’ were negligible, vo : \, ae 
that the terms PV , PR , and AO were small but could not be neg- oe 
Lected » and that the term ew was very important Sor turning maneuvers an 
Anvolving roll angles up to 90.degrees and load tactore up to 5 gts. | i? 7 
Sherman and Sternfield also found that the nonlinear variations of 


| Mw) ’ Mw » LVAy » Lip) » and Np) were important. : | . 4 | 


Both investigations were concerned with an advanced design interceptor. _ oo | ° , 


_ Other simplifications can otten be made when a specific problem or 
nanwates Ae beltg investigated. For example, since the airframe heading. se 
: L does not Sonehepuve to the solution of airframe equations, the 

Euler equation for g need not be mechanized unless the airframe heading 
pg is required for use in a heading controller mechanization or for some 
similar purpose. If the maneuver being investigated is primarily rolling, 
at may be possible to neglect the Euler angle @ » or to approximate 

av @ 47 @ avo cos ¢ by unity. If only small speed changes ure antici- 
pated, it is often souiibié to eliminate the X force: equation, thus re- 


+2) 


ducing the problem to five degrees of freedom. 


- William C. Triplett, "Considerations Involved in the Design of a Roll Angle ie 
Computer for a Bank-to-turn Interceptor," paper presented at the NACA Con- : 

ference on Stability and Control of Aircraft, Moffett Field, anaes 

March 29-30, 1955. 


HAlindeor i Sherman and Leonard Sternfield, "Some Results of a Study Per- 
formed on the Typhoon Computer," paper presented at the NACA Conference on 
in? and Control of niere tte Moffett Field, California, March 29-30, 
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» Section 2 
One method for determining the required complexity for an analog computer 
. simulation consists of first solving the complete equations on TK equipment, 


‘The equations are then simplified by dropping the nonlinear terma, one term at 
ow time, until the naxinn permissible etrer has been anrenneees 


If IBM equipment is not eoatgatae. the required complexity can still be 
“detonate for those cases where a specific maneuver is being investigated for 
which flight ‘test results exist. In this case one begins with the perturbation . 
: equations and the nonlinear effects are then added one at a time until the ana- 

; log results show acceptable correlation with flight test results. : 


- co) THE PERTURBATION EQUATIONS 
| ‘ae airframe perturbation equations can be derived directly from myciseae | 
(I-13) and (II-14) by means of two additional aseuapt tend end a change of | 
variables. The first asswiptieon is: aos am . v te Me 
_ ‘The disturbances from the steady flight condition are assweed 
6 be emall enough that the preducts and squares of the juiced: 
in velocities are negligible in comparison te the changes 
thenselves. Also the disturbance angles are asoumed te be omall 
“enough that the sines of these angles may be set equal te the 
angles and the cosines may be set. equal ‘to =: It is further | 


assumed that products of these angles are aise tpprexinately 
‘sero and can be neglected. ; : oe 
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i cs ! \ fy 
|? ls "3. wpplieation of Assumption 6 is simplified if a change of variable is 
4 ae, . | ; made. Let each of the total variables of Equations (II-13) and (II~1s) 
" od . ° ey) 
} be represented a as the ‘sum of the steady state value and the disturbed 
eee: value. Then ae 
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| a : 
oO where the zero sibseript iriatcates the steady ‘flight. value and the lower 
| w & case, letters indicate deviations therefrom. . 
As a result of the above. change of variables, all the aerodynamic 
{ . ae t , ‘os ‘ . u 
| quantities in Equations (II-13) can be represented by the sum of two | 
' ae terms, one representing the value of the aerodynamic quantity in the 
| . initial flight condition and the other term representing the change in 
| : - the quantity due to perturbed airframe motion. Since the perturbed 
S : 


airframe motion is small, this quantity can be represented by the "slope" 
» of the aerodynamic aeeey at the steady serine condition, multiplied 
ae : C : "by the change in the airframe wariable. 
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3 For example, the expression x Ww), ‘Decomes x ” Vi ) “Be 


Constant terms such as ux ( We ) can be olisinated d by » means of an paditional, 
Hs assuuption. . 





ne : -Assuaption 7 - 
Tt 4s assumed that in the steady flight condition, all accelerations 
are equal te sero (tome, ry) == Wh 222 = Do = by= ce 


: As a@ result of. Assumption 7, the left sides ef satan (11-13) are equal, 

te kero fer the steady flight somites Therefore the algebraic oom of all the: | 
constant terns appearing en the right sides ef Equations (12-13) must be oo - 

_ to wero and are therefore dropped from the equations, = ae EE 


vtaliaing ices 6 and 7 and Bruations (2-10), it 4s Pooaible t te write | 
Equations (11-13) and (II-14) as . 
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a Section 2 

Equations (II-18) are Guite joural and sia be used to study the watipne 
‘ef an airframe disturbed by a — amount from some initial flight condition. 
The initial flight condition can be any combination of airfrene angular and . 

‘Linear velecities (within the limitations of Assumption 7) and any attitude as 

| ong as. @) Gi) bs JO degrees, and as long as the-perturbed velocities Ta w ; 
Sgbe% as f° and » and the perturbed Kuler angles go and © are kept 7 
mal. It will be noted that mations (xr-2a) are linear, 


Ae shown, Equations (11-18) are much more complicated than usually re- 
quired. Most airframe studies using the perturbation equations are not adverse- 
ly affected through the use of an additienal assumption: 


Aesumption 8 
‘It is assumed that the initial flight cendition consists of wings- 


level flight at censtant altitude and sero sideslip angle. This 


results in pare ss = 2,2 De -~2- 2. = oO | 2 
By means ef Assumption 6, Equations — are reduced to these of (11-19) .. 
. we _ Wop hPa +g Agha dps dt Xn ay oe 
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In Equations (II-19), the tems =— , 
3 | ae au a 
are set equal to zero by the following reasoning: Since the airframe 
has been assumed sysmetrical about the xz plane, the above partial 
derivatives are even functions and have the general form shown in Figure 
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Figure 1-6 Forces and Moments Caused by Side Velocity, 


Since it has been assumed that Voz O , the above partial derivatives are 
evaluated at Yo O onthe curve of Figure II-6. In addition it has been 
assumed that U™ is small, It is evident that the partial atl vekives of 
x ’ Zz and mM with respect to U7 are sero at |, =O e 


If, in Equations (11-9), terms of the fora a2 M4 and 
L xb . — 
Ty ar are replaced by XyU and L rh , the notation is sim- 


plified, Making this simplification, in addition to setting the partial 
derivatives of X » Z » and M , with respect to U7 equal to sero 4 
results in Equations (II~20) and (II-21). . | 
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' the perturbation equations can be treated as two. independent sets of equa- 
‘+ tions.* Equations (11-20) are commonly referred to as the "longitudinal . 








Se ction 2 


It will be noted that Equations (II-20) are functions only of the 
variables “ , #*, and & and that Equations (II-21) are functions only 


of the variables Psrrsvs @ » and # . -Thus, as stated previously, 


equations" while thoes of (i121) are called the "lateral equations." 


Since the: longitudinal totions are independent from the lateral. notions, 


"they. are treated separately in the renainder of this section. 


Table II-2 summarizes the basic output and actuating quantities which 


can be utilized for airframe control. 


The foregoing equations and Table II-2 have shown the airframe basic 

_ _jantities available for control. However, before any selection of controlled 
“variables can be made, it is necessary to consider very carefully the detailed 
dynamics of the airframe unalterable element. Therefore, it is. necessary to . 
discuss the lateral and longitudinal motions of the airframe and the important 
airplane stability derivatives (inherent or created) affecting these motions. 
This discussion considers the airframe as a series of transfer functions, and 

' discusses both transient and frequency resporises, arriving ultimately at several — 
4mportant conclusions regarding the best output variables to be used in con- 

L trolling the various airframe motions. | | 


#It should be noted that Equations. (II-20) and (II-21) are independent only 
‘because of Assumption &. 
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(Basic) 





mca 





Output Quantities my Se ee oe 


Longitudinal 


een atentmmant Annee tress 


iL forward velocity 








Ur vertical velocity 
5 pitching velocity 


Ay forward acceleration de elevator deflection . 
vertical acceleration - 
Qe . i 


co angle of attack — we . 
. cd 3 Je flap deflection 
© pitch angle 


Sram engine speed | - 


fighter brake de- 
flection 


ir side velocity 





/ rolling velocity a> 

y~ yawing velocity 
Ay side acceleration 
Ve angle | 
fp volt angle 


Y 
_ & sideslip angle = 77 


do aileron deflection 
og redder deflection 


% 





Table 11-2. Basic Airframe Output and 
_ Actuating Quantities ; 
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Séction 2 | : 


(c). “LONGITUDINAL MOTIONS 
The discussions of airframe motions in this subsection and in the remainder 
' of the manual are based on the use of stability axes. Due to the application . 
"of Assumption 8, the selection of stability axes reduces two more. tems, to nero. 
‘Therefore, for- stability axes, oe | 


(g-2t) Qi =O 


Utilizing Equations’ (I-22), applying the Laplace transform, and re- 





arranging Equations (1-20) so. that only actuating terms appear on the might 
give naan (TI-23).. 
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The longitudinal transfer functions are obtained from the sim ne 7 ; / . | | 
taneous solution of Equations (II-23) and are given for elevator | ve 
deflections in Equations (11-24). Transfer functions for aa fy a lt 
and 7a are presented in Equations (II-25) and (II-26). Note | Be erie aa 
that if it is desired to obtain the equivalent equations for dive-brake : 

or flaps inputs, merely replace of by the corresponding deflection _ " oe “ ae 
wherever it occurs, including subscripts. Transfer functions for soi a 7 


engine rpin inputs must be obtained separately, however. | 


The transfer Panstious of Equations (II-24), (II-25), and (11-26) | - se ; é | 





were obtained with the functions xy 3 x, fe <4 and Te oe OP oe Be als ie 
set equal to zero. These terms are eens sinde experierice has . ; 
shown that they are usually quite small compared to the other terms 

in the equation. A more complete solution of the perturbation equations 
which includes the above terms is given in Reference 9. ~ 
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For a typical case, the factored forus of Equations a) through | 
(I-26) are given by Equations (II-27).. 
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The denominator of the transfer functions gives the form of the . : : 2. . | 
! 7 characteristic motions of the airframe--the motions which ultimately may have — | ae 
| i to be changed for effective control. Note that the transfer functions are 
| written in terms of quadratics, indicating ‘two oscillatory motions with widely 
| | nepareree roots. An approximate oe of the complete fourth order. 7 | ; 
denominator yields: | ; 


Note that these functions:are nonminimum phase; i.e., they have either poles 
_ oY zeros in the right half of the complex plane. The amplitude ratios of such 
<= functions are identical with that of the minimum phase equivalent. The phase 
angles are, of course, ants erent: This difference:is discussed for particular 
cases later. 
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The oscillation characterized by, and 2/n,, 1s called the 
chert period etian, Ab dmb @ tact; seully well-damped, resporise, The . 
“oscillation characterised by &, and 7}, he has a long period, poorly | 
damped response, anc is known as the "phugoid.t Since these are ‘approxi 
mate factors, they cannet be wniversally applied. They are more accurate 
for those airframe configurations where the natural frequency and damping 
of the short period are much larger than the corresponding quantities for 
the phugoid, a condition which almost always exists. The facters are : 
useful in obtaining quick estimates of airframe characteristics, and they 
alse show the contribution of the dimensional stability derivatives te © 
‘the airframe natural frequencies and damping ratios, 


Frequency respenses are sketched in Figures II-7 through IT-1) for 
the longitudiral transfer functions of Equations (II-27). The curves 
plotted are typical of a high performance jet aircraft ata cruising — 
flight condition: 
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Figure I-86 Amplitude Ratio and Phase Angle of = 
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airframe at phugoid frequencies but that control of the ‘short period 


are associated with the phugoid motion. (In fact, the nwaerator term 
: containing Lp, aluost completely cancels the phugoid portion of the 


“controller can stabilise the short period but viet it cannot appreciably’ 
‘affect the phugeid, From a practical standpoint: ? however, angle of 


measuring angle of attack. 


the ‘controller. 


pritie & . ~" * Seetion 2 ; 


Examination of Figure II-7 indicates that larger airspeed changes : 
occur during the phugoid than during the short period. The frequency | % : ee se aed 
response also indicates than an airspeed controller could control the: 


by this method would require extremely high ee . Me 


. Figure II-8 indiéates ‘that large angle of attack changes take. place 
during the short period but that very mall angle of attack variations 


denominator. ) The ccieer Fespanee curve shows that an angle of attack 


attack controllers are seldom used because of the ee in accurately, 


Figure 1-9 shows large pitch angle changes during the phugoid and 
fairly large changes during the short period. Clearly, a pitch controller. 
could. very adequately control the phugoid and the short period motions, 
ashing ey high gain would be required for the latter purpose. 





Figure II-10 indicates that large vertical accelerations of comparable 
magnitude exist at both phugoid and short paries frequencies » and also 
shows the distinct ‘possibility that no equalisation would be needed in 
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| Figure II-11 shows that large forward accelerations asiae at the phugoid 
frequency, and fairly large accelerations at the short period. A forward 
acceleration controller might be useful; however, because of the nonminimum 
phase terms, considerable equalization would probably be necessary, for. short 


period stabilization. 


In summary, the only controlled output variables capable of being used 
with minimum equalization to control both the phugoid and the short period 
are pitch angle (or rate) and vertical acceleration. An angle of ‘abeack con- 
troller would be most useful for controlling the short period, and an airspeed 
controller or forward speed controller would be most useful for stabilizing ‘ 


the phugoid. 


(d) LATERAL MOTIONS 

Application of the Laplace transform to Equations (II-@1) and rearranging 
so that only actuating terms appear on the right result in Equations (I1-29). 
(Again, it is assumed that @ =Wo.= 0.) , 
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The lateral transfer functions can be obtained directly from Equations 
(II-29), and are given in Equations (II-30) through (II-33) for aileron 
inputs. Equivalent equations for rudder inpute: —s be obtained by re~ 


placing fy by J, ye where it occurs. 
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These transfer functions have factored forms and are given for a 


‘typical case in Equations (II-34) through (II-37). Equations (II-38) 


through (11-41) show the factored forms for rudder inputs. 
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It will be noted that the lateral transfer function denominator dg 
or I breaks up inte two real roots and ene quadratic. These roots are 
characterised by three modes of motion, 


The motion resulting from the negative real root [5 is called the 


‘Yspiral mode” and is, of course, divergent when 7 is negative, « as is 


usually the case. This reot has a very long time censtant indieating ¢ that 


the divergence occurs slowly. 


The positive real root 7;~ describes the motion called the "roll 


subsidence mode” which is characterised by a short, stable rolling transient. 


The quadratic mode, which is known as "dutch roll,” is a yawing, rolling, 
and sideslipping oscilla.ion with considerable energy in each degree of free- 
dom, Mest modern, jet aircraft require artificial stabilisation for the dutch 


Fone. 
ee 

















‘roll mode, and a detailed discussion of the design of this type of. 


* 


" mode are comparable when the airframe is excited by rudder deflection, 


Conversely, Figure II-17 shows that when the airframe is excited by 


aileron deflections, however, Figure II-15 shows that the roll subsi- 


therefore this mode is characterised by more sideslipping when excited ; 


Section 2 


stability augaenter is presented in Chapter J III. 


| Typteal frequency Seeponies for the lateral case are plotted in ide 
Figures II-12 through I™  . The sero db lines are shown to permit dis- és nae . 
cussion of relative amplitude ratio, and represent approximate gains for . ; 
a straight wing fighter in the mid-altitude, mid-Mach number range, +s 


It wil ‘be noted that the amplitude ratios ai the dutch rell fre- - any 
quencies are approximately equal fer Figures I-12, I-13 » and II-14, - _ 
“Anddoating that the actual magnitudes of ee Y » and pf in this 


aileren deflection, the dutch roll quadratic is nearly cancelled by 
a quadratic in the numerator of the ae transfer function, re- | 
sulting in wer little change in rell angle at the dutoh roll. frequensy. 


Hi geres Il-12 es II-13 show that when the rell sities mode is 
exzited by rudder motion this reet is almost cancelled by a root in the _ 5 
numerator, . which indicates that only mall changes ecour in J : 
and 2 , and therefere, the motien is predominantly rolling. For 


dence root 77 isnot cancellediin the Ly, transfer function; 


op 
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; 7 . 
by aileron deflection than when excited by rudder deflection. 
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Figure I-12 Flroplitude Ratio and Phase Angle of Feand i . 
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Section 2 


‘Examination of Figures II-12 and 11-15 reveals that the spiral mode 4s. a 
‘nearly coordinated “XS: w= o) rolling and yawing ctyergence since the smpli- 
tude ratios for LL and ep at the spiral break point are much lower 


| ‘than for. the rolling and yawing transfer functions, 


ae “Tt can be seniiuaed from the above discussion that the relative fangii-: 

: tudes of oe gg » and gp during a lateral transient depend on whether 

the transient is excited by the aileron or the rudder. Some conclusions re- 
garding methods of controlling the lateral metions will be re out. in the 
‘dtacussion of the eer stability derivative approach, ; 


Approximate factorisations of the omapives lateral denominater yield the 
; following approximations ter Soca reets as Sunations ef the aircraft: stability 


derivatives: ; 
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4 oR These approximations are based on the assumption that 73 and 
fa a ee. S, D are much smaller than Tye ' or on » & condition which i 
- 4 Hoo agually exists. ‘ 
ae! 4 a (e) AIRFRAME MOYIONS IN TRANSONIC FLIGHT 
: i . - The preceding discussion has shown the types of airframe motion 
q oh to be expected at subsonic speeds. Some of the changes in the airframe 
“4 modes of motion which occur in the transonic speed range ‘are discuesed 
i tige oa dn the following paragraphs. | | : 
| | Consider first the phugoid mode of the airframe. At subsonic 
ee i | speeds, this is usually a low damped, slow oscillation. The undamped 
al i | © natural frequency, as given in (II-28) is proportional to | 
; i Myp-Z,-My Zu )B » Where under normal conditions D4 ur, ay 
; and <_ are negative and a. is positive. me quantity Mz. 
; is a measure of the change in pitching moment caused by a change in 
L . speed, and an increase in nose-up pitching moment usually follows an | 
increase in speed; hence Mey is positive. ges . 
_ However, in the transonic region, the center of pressure moves 
aft to a point where increasing speed decreases the pitching moment; 
i.e., increasing speed pitches the nose down, tending to increase the 
speed further. This is known as the phugoid "tuck-under," characterised . 
physically by static instability with airspeed and mathematically by a 
negative value for My. . —: . A 
- ~I1-57 - 
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hogative, in which case the phugoid quadratic = aos rr . 7. a Bs. . @ ie 


roll mode for certain airframe configurations. In this case, a directional di- 


with sideslip angle. However, sone airframe configurations exhibit negative sia. ote IP 
“values of C ng for large sidesiip angles, in which 2ase Me becomes neg- 7 a =e : 
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A method of controlling the *tuck-under® characteristics by means of a | 
stability augaenter is discussed in Subsection r, which. deals with an “equi- 
valent stability derivative approach. 


A phenomenon similar te the phugoid “tuck-under* is exhibited in the dutch 
vergence is caused by the nonlinear variation of the yawing moment coefficient 


C j with sideslip angle aS « For straight wing aircraft, the slope of . 
a vs B((o2 Cra) As normally positive, indicating static stability 





ative: and /j,, beoumes imaginary as indicated in (11-42). The dutch rell 
quadratic then separates into twe first erder terms, one ef which is divergent. 


_ Another problem encountered at speeds near the transonic range is the in- 
crease in airframe sensitivity 4g, steady state. : This ratio can be ba in s. 
4nvestigated most easily by examining the longitudinal equations with two | 
degrees of freedom, i.e, with and its derivatives equal to sere. Then 


Equations (II-23) become, in simplified form, — - . 
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For some airframe configurations, this ratio varies through extremely 

wide limits as the speed is changed. in the transonic region, The effect of — 

| the change in this ratio on an airplane whose elevator stick forces are pre- 

- duced primarily by a simple spring is to cause wide variations in the "stick 
fares per g" characteristic. It is therefore necessary to énigient the aero- 
dynamic snavaoteietios with a more elaborate artificial feel system asid/or' @ - 
stability augaenter to maintain the stick force per g within more narrow 
limits, The change in “z/__ ratio is due primarily to a olange in 14, 
‘which stens from the aft shift in the center of pressure. 


The task of designing stability augmenters is considerably simplified 





if a rough attempt is first made to determine the effects of various airfrane 
output quantity feedbacks on the system. This is accomplished by means of the 
equivalent stability derivative approach. Ad , ; 


(f) THE EQUIVALENT STABILITY DERIVATIVE APPHOACH — 

In the discussion of the longitudinal dynamics, a short sumary was pre- 
‘eanbad of conclusions drawn from an caidnatibe of the frequency response 
curves, It should be remembered, however, that only single degree of freedom 
control elsvator was examined. In cases are there is soubiax coupling of 
control elements, the straightforward solutions te control probleas are not | 
always evident from the individual frequency response curves alone, Therefore, 
a considerable saoent of reliance for preliminary design work in aircraft auto- 
matic control is placed upon an understanding of the effects upon the airframe 

‘motions of varying stability derivatives; that is, the controller is considered 





to create or augment airframe stability derivatives. In this procedure, a 
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perfect controller is assumed; i.e., the controller is assumed to have : 
no time lags and no nonlinearities. Since the problems of sensing and = 
: actuation are ignored by this assumption, the procedure should be used : 
with caution, to insure that only those controllers which are physically, 
realizable are studied. - BES gO eh 
“Yy 


An example of augmenting, or artificially changing existing stability © oe 
derivatives, can be examined by assuming that the airframe output quantity | 
C{ , the perturbation of trimmed forward speed, is fed to the elevator 


through a perfect controller. Then the surface motion (in this case, ele-~.- 


> 
vator motion) is a direct function of G . In other words, the total 
elevator deflection from trim is ie ie 
(I-48) wg 
I= op 7 Sa - a 
where Jeo is the elevator deflection pcumanded by the pilot, 
of is the elevator deflection caused by the stability : 
AUG augnenter, ~ 2 . 
Ks is the ratio of Sonate deflection to change in : 
«@ forward speed, and a 
aq. is the change in forward speed froa- Litem a) 
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Substituting (II-48) inte the pitching moment Equation of (11-23), 
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By a similar precedure, using the < foree equation of (I-23), it ean 
be shown that the basic derivative =, is auguented in sush a way that 
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Substituting these augmented or: equi vatent stability. ‘derivatives 


into. the axpresaion: given in ‘Equation (11-28) 1 for she phugoid natural 
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By properly. choosing Ai » the quantity under the radical. eign 
&a 





can be made positive even in the transonic speed range where the air- 
frame by itself pomally exhibits tuck-under tendencies. 





-Thus a cursory study of stability derivatives or, rather, equi- 
valent stability derivatives, can give a preliminary insight into the 
types of feedback required to accomplish ‘eertain functions. In the 





above cases, it was found that wo feedback can eliminate the tusk-under. : 


_ An example of the oraxtion of a new stabtiity derivative occurs 
when elevator deflection is made a function of nomal acceleration ae | 
shown in Equation (II-54). 
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where - | a 
i by, is the elevator deflection commanded by the pilot — _ 
Ky = Je, LD et ‘ . . : mA Scie ‘ | 
“de = 4 | 
Seg ie elevator deflection caused by augmenter. 


Substituting (II-54) inte (II-23) will show that three new derivatives can be 


created, These are 
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With these additional derivatives, the twe degree of freedom equations, ) ie 
(II-bb) and (II-45), become 
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Simultaneous solution of the above three equations for Ga, fhe 
results in . 
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where a. and @ are the same as in (II-46)-and | 
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Two important features of normal acceleration feedback can be noted: 
from ATI-59) « First, the short period natural frequency and damping 
ratio are altered, and second, the steady state load factor sensitivity 
can be increased or decreased depending on the sign of Zan and 
Way as shown in (II-60). eas | 
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Section 2 


The above discussion has illustrated how stability derivatives can be 
created by making control surface deflections functions of airframe output 


quantities. A similar discussion would show that the stability derivative 





» Which is plotted in Figure II-24, would be created by making 


aileron deflection anfiinction of the yaw angle Y e 


: From the particular example used here, it can be con¢luded that the use 

: . ’ poet of normal scceterabicn feedback in a longitudinal stabelaty augnenter dieten: 

oe de vrially affects the handling qualities of the basic airfrane, not only from 
oes the stability standpoint, but also from the control standpoint. By pro- 








eee oe viding some means for varying Naz as a function of flight condition, | 
the stick force per g characteristics of the airframe can be optimized over | 





| | i : a wide vanes of flight conditions. 
~~ The effects of varying certain of the lateral stability derivatives are 

| | illustrated by Figures II-16 through II-24. Many of the effects shown on the 

| ° _ curves are those expected on the basis of the approximate factorizations. 

| a Other effects, however, are more subtle and require mention. A complete set 

La (of these curves, for both the lateral and | Longitudinal derivatives, is con- 


i ‘ : 
beet, ‘tained in Reference 9 6 


4 For tier values. of M~ ‘(Figure II-18), dutch roll damping improves 
and the spiral root becomes stable. For very large values of NV, » the 
o | - dutch roll mode splits into two real roots, one of which has a rather long 





time constant. It is interesting to note that with very large values of 
Ne 9 & new mode of oscillation is introduced which has an extremely 
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Section 2 ni " 


low frequency. The derivative Ny has little effect on the roll . 


. subsidence root. 


The curves for the derivative /V, (Figure II-19) show that a 


. slight negative increase causes the dutch roll to ‘go unstable. A large 


positive increase increases the damping and frequency of the dutch roli 


but causes the roll subsidence root te drop off very rapidly until it 


becomes unstable, 


Figure II-20 indicates that increasing. Ne has little effect on. 


either the spiral or roll subsidence mode. It. does, however, increase i | 


the frequency of the dutch roll. Decreasing //y beyond a certain point 


_ Causes the dutch roll roots to become real, one of which becomes negative, 


Decreasing digs » a8 shown in Figure II-21, has little effect on 


‘any roots except the spiral root: which tends to become stable. - 


As is expected, the rolling moment Lp » Figure II-22, due. to 
rolling velocity has little effect on the dutch roll but sharply in- 


fluences the roll subsidence mode. A negative increase of Z pp decreases 


‘the roll subsidence time constant and tends to make the spiral mode stable. 


The effects of varying Cz (Figure II-23), are similar quilitatively =| 


to the other roll coupling derivative Z ~ There is very little in- 
fluence on any of ‘the roots, except that a positive increase tends te make 
the spiral mode stable. | . i 
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Figure 1-18 Effect of Np on Parameters of the 
Lateral Characteristic Equation 
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Figure I-19 Erect of Np on Parameters of the 


Loteral Characferistic Equation 
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Figure 0-20 Effect of Ng on Parameters of the 








‘Lateral Characteristic Equation 
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Lateral Characteristic Equation 


vv 
™~ 

Fee" 
He 
a | ; 





sab 





)| 


d 


“2 Wn (. 


4 (see 


~ Wy —____ 





eee 
Ts 


a the 
as eee 
Effect of Lp achcetie Equai 
Froure I 22 ce Character me 
Figure Late 





“1 


tee np rene peice tt Sangean nenme re rpremeeceAok  er a I LD OFC AL i Me SN os Oo 
me <a 
: 


¢ 
ea 





“Na 


| 


Figure 


- 23 Effect of be on Parameters 


} 


Lateral: 


, ne : 
haracteristic Equation ; 











een tnt “yo a oes oe aga marge 
es Aplin sete ete te, cite eaede See Ae NORE ARE ER a AN AR EU gt trae EET sega 
: 2 7 er: 





oe a ee 


Figure 0-24 Effect of Ly on Parameters of the 


: ee ane sere ne ee in a 
a penn en at nny ene annem 


yhoo cageceapind on aiiaes hs Ae 


71-7 


Equation | 


Lateral Characteristic 





i! 
i 
i 


: 
| 
te 
| 
i 
t 


aoa os 


cen ee ee tp 





o 


Be sao ao a a RS ce clits 
> Biel, cas an ‘¢ . 7 
. = : va s ( 





a pilot, and tlie ‘flight control system. The human pilot's primary function 
: in the closed loop is to sense errors from the desired flight conditions 


‘loop analysis of ‘the responses of the whole systes to thanitead dis- 





| the ads response in stabilising and controlling the airplane, 


e specified asa function of time. Such transfer functions of course cannot 





Section 3 


The derivative z 54 does not usually oxiet Physically. However if . 
such a derivative were manufactured by an augnenting device, its effects: S. - 
might be something like those shown in Figure II-24, Notice that. the = | e: | 
dutch roll mode is not affected by the intredustion of 2, Ky» but ‘that — 


new and anlosiiable: roots are. created, 


SECTION 3. - THE HUMAN PILOT , m4 Pg wee ee eg 
| In the design of qutomatic flight contre] systens, the designer is . 


dealing with a‘closed loop systen comprised of the: airframe, the humane 


and to actuate the control system to eliminate these errors. The design  —_ 
of the flight control system must enable him to perform his stability 8 
and control functions as efficiently as possible. This requires a closed 


turbances and to Aopets from the control surfaces or throttle. Omitting 
any component ef the system from the analysis leads to inaccuracy, and 
therefore it would be desirable to have a transfer function “ en 


| the purpose of such a transfer function ts, of course, to determine 
analytically the response of a human pilot in the performance of his 
task, If the stimulus from the environment (or at least an idealised 
vietiod of it) could be specified as a function of time, then a transfer 
function for the human pilot would enable the subject?s response to be 
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| describe higher-level, decision-making functions of the human pilot, but they 
“may describe those responses he has learned to make to stimuli he expects to: : : | . 
encounter in performing the task for which he is trained. For example, it my aoe 

pe possible to obtain a transfer function specifying the elevator deflection . . e ie . ae 

. _ that a trained pilot will produce in response to a sharp wind-gust of the type | be . ! hk 
encountered in flying, but there is no hope that « transfer function could pre- ie 
aioe the pilot's ‘response when some emergency nceaeultates a reasoned. decision : ‘y : 

| about the proper course te follow, eepecially if the oo has emotional | 

_ connotations for the pilot. . 


Even if the attempt to obtain transfer functions is limited to sciattone 
which nave become routine fer the pilot through training » certain major diffi- 
culties make it impossible to determine a unique transfer functien. In the 3 7 : 
‘first place, the wide variability in reactien time and thresholds for sensory a | ci 
perception among different individuals means that a ‘proposed transfer function : | 6 
must inolude several parameters which can be varied . ¥e account for these in- - - | 

o @ividual differences, This in itself is net too serious a drawback, A flight 
. control systems designer could use mean values for these parameters and thea 
vary them to cover ne expected range of values; ROeNaE experimental results 
show that, given the same- stimulus, three different pilots may ere in three 
, different ways. 


The second difficulty is that a normal individual's response to the same * 
stimulus varies ‘considerably from time to time. For dnetanoe, as the Pilotts | 
attention varies, he may ignore stimuli which ordinarily would cause a response, 


° 


Thus, the pilot's threshold is. not constant for a given: stimulus, Furthermore, 
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: a 


numerous: studies: have shown that a pilot varies his gain, increasing / 

it nee necessary, or decreasing it when he is not certain about. what to do . 
: _ or when he is simply indifferent. Another source of variation in an in- 
‘dividual pilot! 8 response is his ability | to predict in various ways: He — 


3 may use a. simple, linear extrapolation, or he may, after being exposed to | 


@ varying stimulus fer a time, be able to predict completely its future 


© , course. 








The third difficulty, and the most severe one, is that a tfenares 
function which adequately determines the pilot's response to one type of : ‘ ; 
input, say to a step function, will not be valid for a different type of | 
input, say a sine wave, For any linear systen, the transfer function, . 


Nex 


by definition, is snnependent of input. 


Moreover, there are other wis insattlive in human responses; as a 
result, the total response to an input stimulus cannot be determined by 
a linear transfer function. " kmong these nonlinearities are the following . 
characteristics: the reaction-time delay, during which no seaponbe at 
all is made; the threshold for perceiving the stimulus; the tendency for 
pilots to underexert when trying to produce large’ forces or displacements 
and to overexert when producing smaller forces or displacement} sensory 
dilusionss. the wpperbounds te forces or rates of motion which pilots can 
produce; the phenomenon of total prediction; ene range effect, in which 
a subject, after-responding to a number of stimuli of roughly the same 


© 


intensity, will respend in the same way to a new stimulus of a much  &8 


II-77 





f a sa ~ Pye i. te Res Set SV oe e 
, . 4 oe % s 7 7 # 
nt a aL ee sheets, See am yp gr tte Nae eet | canes —eeptengrate et ules een pepe 
= SaaS i er 
be oO 
’ 


Section 3. | 7 2 oo ree 


at | different intensity; and finally a random jerkiness which is found superimposed ; | 
’ ne a ‘, on human responses. The conclusion is that it is imponsible te Tepresent a . 
| iemwatt pilot by a single linear tranafer function, even subject te the restric - 


tion of dealing only with routine, learned responses. : 
: [ 


| ‘All the known experiments that have been conducted to. investigate pilot 
a | : response have been made subject to the restriction that the pilot was engaged . 





in. controlling only a single degree of freedom. There is still hepe that a 

set of transfer functions with variable parameters can be developed which will 
| approximate within satisfactory limits the. pilot's response din certain: speci- 

fic tasks. However, since the experinents to determine such approximations : 

have all been conducted in situations during which the pilot was exigaged in 





controlling a single degree of freedom, he was consequently called upon to. 


- « < 
¢ : 
3 : a : 
& 2 = 
ee nn a 


make only one type of response; therefore these approximate transfer functions 
cannot be assumed applicable to situations where the pilot is controlling . 
several variables at once. This means that these transfer functions are not 


norms Sage : 
+ 


Ae necessarily valid for predicting the pilot's response in ‘complicated maneuvers, 





such as landing or making coordinated turns, However, at is felt that they. x 





may be valid for stability investigations, for example in stabilising the 
: _ pitch of an airplane in gusty weather, or in controlling a: yawing or rolling 
oscillation. They may also be valid for use in simple one degree ef freedom 


3 


a > | contrel problems, ‘sich as that resulting when a pilet pulls out of a dive or 
| enters a climb. The intelligent use of these transfer functions, however, re- 


quires that the designer have a thorough understanding of their limitations. 
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Since it. ig not practical to present this background material here, che’ | 
| reader is referred to Reference 10, which ineludes a comprehensive | 
summary of the information collected on. the subject ‘to mid 1954, as well be 
as a selected bibliography. In addition, Reference 10 contains a de- . : is ° ‘ ' 
tailed discussion of such pilot characteristics as accuracy, threshold, Be 2 


force Limitations, —_ time lags.” 


SECTION 4 - THE SURFACE CONTROL SYSTEM : | Bo ght, el al 
One of the components of the over-all airplane system which has in 


the past been considered relatively unalterable td the automatic flight 





controls designer is the surface control system. For the purpose of this a] 
discussion, the surface control system is assumed to include the cockpit . : 
controls, the surface actuating package, all the capceinved equipment 
which is necessary to interconnect them, and the sone producer which is 

used to provide artificial feel. oo 





A typical elevator control system is shown in Figure II-25. The 
bobweight shown provides the pilot with forces proportional to airframe 
normal acceleration, and the artificial feel spring provides forces ae 
portional to stick deflection, The trim motor is included to allow the 
forces to be trimmed to zero at any desired jrteee iri angle. . ‘ 


Previous manuals in this sation have: been devoted exclusively to the 
hydraulic surface actuating system (Reference 11) and to the artificial 
feel system (Reference 12), and the reader who is interested in the de-~ 
sign of these systems is referred to these manuals. A brief discussion is 
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Figure 0-25 Surface Control System 


given below of those characteristics of the surface control systea which are 


. A er important to the automatic oe control systems designer. 





Controller actuators can be physically connected into the surface contre] 





; Lge system by means of eit’.er parallel or series connection. The parallel c connec- 
| tion is identical to that of Figure II-25 except for the addition of the con- 
troller actinter cable and cable drums shown in Figure II-26. For this type 
- of connection the controller actuator and the pilot work into gesentislly the .- 
same loads, and motion of the controller actuator is. reflected by corresponding Z 





motion of the cockpit controls. 7 “ - 
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Figure I-26 ‘Surface Control System Shona Parallel 
Controller €ctuator Installation | 


The series installation (Figure 11-27), however, supplies signals ; | 
to the surface actuator. without soving the cockpit controls, per there- i, 
fere the loads imposed on the controller actuator differ greatly: from ~ 
those of the parallel connection. These differences will be discussed 
in more detail later, - | 


Because of the high loads involved, most present day surface actus = 
tors are designed to provide 100% of the required surface hinge moment. | 
This requirement is met through the use of an irreversible hydraulic 
servomechanisn operating from an essentially constant pressure source. . 
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| Figure I- 27 Surface Control System an Series. OW 
Controller fictuator Installation ; 
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Among the characteristics of the surface actuator which are important to the . 
automatic controls designer are the time constant and threshold. The time 
constant is not. of primary importance on a manually controlled airplane since 
the pilot is capable of rate judgment and can make necessary corrections, 
within limits, for a large phase lag of the hydraulic system airframe gombina~ 


tion. This means that he can introduce a relatively large amount of phase 





lead since the frequencies involved are usually low. | However, the amount of 
lead which can be introduced throws the automatic flight contrel equipment is . 
limited; therefore, it becomes important that the combined phase curve er the 
automatic flight control iakeas hydraulic system, and airframe allow the gain 
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to be adjusted to give’ satisfactory control of the airpZane. Since the 
airframe frequency response is dictated by its designed configuration, 

it is unalterable, and since the phase ‘lead, which can be introduced by | 

the automatic flight. control equipment is limited, the hydraulic actua- . 

| tor must be capable of maki:ig the combined system function satisfactorily. a 
Therefore, it is essential that the surface control systen designer 7 
coordinate gioesiy with the automatic flight control. systen designer, to 


censure that the. two systems are compatible. 





, ‘When the natural frequency of the surface actuator is substantially © 
higher than that of the automatic flight control. system or the rigid air- io 
frane, the surface actuator can often be represented by the following ee. 


transfer functions ‘ 


(u-t/)) J A 

Fr Sel 

‘In Equation (II-61), is sntaes deflection, ©; is valve deflection — 
relative to the airfrane, kK, is the gearing between the actuator and 

the surface, and 7} is the time canstant discussed above. The validity 
of Equation (II-61) should be checked for each individual syste because | 





the construction of the hydraulic ‘valve may cause the actuator to have 
higher time constants for small inputs. A complete discussion of this 
phenomenon is given in Reference 11. 
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* controls ‘designer is velocity limiting which occurs when the hydraulic control « : re 


valve has been completely opened. This. can. occur when the controller actuator 


flatspot’ which occurs when the control valve is near neutral. This flatspot con- 
| sists of both a threshold, because the valve must be moved through the valve over- . 


‘the more important. 


_ surface deflection. 


“one showing less hysteresis plus a . threshold, sinse the effect of valve over~ 
| lap is eliminated. In the 'case of the rudder, where the surface is aligned 


Section & - 


Another hydraulic system parameter which is important to the automatic _ 


mazcdum velocity is higher than that of the surface actuat.”, folerable minimuns ; 
for this characteristic should be determined during the analysis ane eratheste phage - 


of the automatic flight control systen. a 


Another important. nonlinearity of the hydraulic system is a very small 


lap before any flow occurs, and a deadband because the cylinder pressure must 
build up to overcome the cylinder surface friction. The second effect is usually 


This flatspot manifests itself ag a backlash effect as shown in Figure 
II-28, Backlash of this sort must be kept very mall to maintain accuracy of 
control and to minimise flutter. It seldom exceeds a value of 1/10 degree of 


Aerodynamic loads acting sone the hydraulic actuator. ay reduce the 
area inside the hysteresis loop so that the curve of Figure II-28 changes to 


with the slipstream, the flatepot occurs at neutral (trim) sas shown in nee 


I-29, 
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Surfaces like the ailerons and elevators generally have a hinge moment acting 
upon then at trim so that the flatspot occurs away ‘from’ neutral. Figure 11-30 


ne sliustratesthis type of ° curve. 











6s -— 


4iileron or Elevator 
with Firloads | 


Figure 1-30 Hydraulic System Static Characteristic 
In the transonic regime, separation may occur at the control surface, and 

the aerodynamic load may be reduced to zero within the backlash adie This 
“transonic effect aggravates the control surface backlash. Furthemore, it may 


introduce. eitectiye backlash into the airframe Plesk 


‘ 


Backlash itself pues the surface tie point aad the valve is effectively 
preloaded out on some installabions by using two hydraulic cylinders, one of 


which is loaded sgainet the other. 
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Another surface control system characteristic which must be given | 
consideration by the automatic flight controls designer is the load im- . 
posed on the controller actuator. For the parallel installation shown 
in Pigure II-26, the torque loads imposed upon the controller actuator | 
can be considered to be made up of spring, frictional, and inertial ele- 
ments. For the elevator control system, the effect of the bobweight 7 


must also be taken into account. 


The spring load normally consists of a spring gradient, which is 
not necessarily linear, and a preload as shown in Figure II-31. These 
loads, assuming a linear spring, can be expressed as 
(I-62) Ts = Tep.(senaleksae . 3 


a 


where C5 is servo rotation, Ks is the spring gradient, and where 
"sgn denotes “algebraic sign of." In certain applications, the spring 
gradient is made the sum ofa constant value and a 
Tg 
Preload (Tsp) 


value proportional to 







Figure 11-31 Typical Spring Loads 1-87 
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some furiction of airspeed to obtain proper feel characteristics. The preload 
is imposed upon the system to attain reasonable centering of control.even 


though there is control system friction present. 


Coulomb friction, which accounts for practically all the frictional loads, - 


is made up of contributions from several sources: (1) cables and pulleys, which 


give rise to friction contentrated at the pulleys but, usually considered distri- 


. buted, (2) concentrated loads due to the hydraulic valve, and (3) enncentrated 


loads due to bearing surfaces throughout the installation. In. addition to cou- 


lomb friction, there are the high stiction forces due to the valves, particularly ~~ 
after long period of control system inactivity. These effects are shown in ey 


Figure II-32, 
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: ; Figure 0-32 Typical Friction Loads 
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The frictional loads, neglecting stiction, can be expressed as 


(2-63) E= Ze SGK/ OF 

_ ‘Tie final type of load to be considered is inertial and is due to = - be 
the masses of all the moving parts of the contro2 system. If a bob- | | 
weight is a part of the system, a large portion of the effective inertia ae as 





may be sensitive to the load factor. The inertial torque is then given — 
(1-64) T= KG n-1) + LD i . greets 


Ne 





i hd 


drum per g, and \ is the normal acceleration in g's. Equation (II-64) _ ot Tt 


An amimmencn init MINNA MLAeeemarneren op smitemtbeertnpmee—nins ) + ‘ 7 cm ow 


| 
i z : | 
where K>, is the bobweight constant in unit torque at the actuator FP Gis 
is plotted in Figure II-33._ 
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The discussion above applies to both push red and cable systems where . ¥ if 
the push rods or cables can be considered to act. like rigid elements, The 


total torque on the actuator shaft is then 





aa eer ‘an 
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This total load must be considered very carefully to make certain that the 





‘proper controller actuator is used. Mote that the load seen by an actuator 
which directly moves the surface (without full-power surface actuators) is 
of the | same general form as that discussed for the parellex installation. | 


can be visualised asa hysteresis loop for any given surface amplitude, as shown 
' in Figure II-34. . 


It should also be noted that although backlash may be present somewhere. 





1 

| 
The total load curve of (II-65) with the exception of the inertial loads, | 

{ 


in the systea, the effective backlash from the valve te the controller actua- 
tor or stick can be kept very mall or often completely preloaded out of well- 


designed pial 


ee 
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The series installation, one example of which is shown in rane I-27. 
is frequently used when stability avignentation during pilot controlled flight 





is to be incorporated in the aircraft. It is important to note that because 
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. stability augmentation modifies the required feed characteristics, the 


artificial feel system can be considerably simplified. A discussion of — 
this concept is given in Reference 12. | 


In the series installation, the actuator is essentially an edjuste 
able evecteg within the cable or push rod system. For satisfactory | 
feel characteristics, it is important that the pilot be unaware of any 
system movement originating from the operation of the controller actuator; 
| Lee, movement of this sort must not be transmitted to the cockpit controls. 
| For motion to get to the’ valve, but not to the cockpit controls requires 
an irreversible anchor for the extendor to operate from; i.e,, the 
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. mechanical impedance looking from the actuator toward the valve must be much . 
| less than the impedance looking toward the cockpit controls. This is usually 


| providing an irreversible anchér by: a ‘mechanion such as a a detent. : 


of the ‘coulomb friction and the inertia ef the moving masses between the. actua- 
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socmmp lt shed by installing the actuator as near the valve: as possible, and ie 


eed 
ve 


‘the controller actuater load for re series installation de then made wp 


tor and the valve. It is occasionally desirable to place a portion of the 
feel springs and preload in this cireuit, The total lead is then 
(I-6) Sie 2 Ss IG SGN. &- +k Oz + Tap SOW o ve Eek aca Sas 
Normally, however, the load is made up of inertia and coulemb friction only, 
with almost all the friction load being due to the valve. The load seen by 
a series installed actuator as therefore very enlinear, and careful design 
is required te aciheve © practical results, 


SECTION 5 - SENSORS : 

To utilise the airframe output quantities listed in Table Il-2 for auto- 
matic contrel, they must be sensed, er "pieked “pM ty some means, and this 
section presents a discussion of some ef the devices whieh are used for this 
purpose, A qualitative discussion ef the gyroscope is Presented in Subsection 
(a). Since ayreseopse are Probably ‘weed mere than any ether oenser,, it is 
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. Rn. 5 8 + dmportant for the automatic flight control system designer to have a 
> thorough understanding of their performance, For this reason, the 
ux 8 “edmplete™ equations describing the ‘behavior of the ‘commonly used foras “ 


Re sdees 


. a ‘ - ae of the gyroscope are derived in the Appendix. Subsections(b) through 

ie “(e) discuss the application to automatic flight control systens of 
accelerometers, local flow direction detectors, local flow magnitude 

; "detectors, and altitude sensors. | ‘The section is summarized in sub- - | 

Sita » section (f) which includes a table relating the airframe output quanti - . 

- Bok ties to the sensors used in measuring then, 


2, ao 
“o! C) Among the airframe output. quantities listed in Table Il~-2 as 
| available for use in automatic control are the airframe angular dis- 





placements (0, 9, ¥ ) and angular rates (pf x). 
The device which has Teen universally utilised for sensing these quanti- 


yy 
. 


we (a) GYROSCOPES | . is 
| 
ties is the gyroscope. 


The gyroscope consists of a rotor (gyro) spinning at high « speed 
and mounted in a set of rings (gimbals) #0 as to have one or two. degrees 
of angular freedom (see Figure II-35). . 
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; Both "free" and restrained gyros are used for aircraft automatio 
control; however, in practice. there are ulmost always some torques acting 
to restrict the rotational freedom of the rotor axis in some way, 80 


that there 19 no clear-cut distinction between free and restrained gyros. 
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Figure I-35 Two Degree of Freedom Gyroscope 


4 


Furthermore, the same laws, the classic lawa of Newton, govern the behavior 
of both types, the free gyroscope being only @ special case wherein the re- | 
straining torques are sero, The vector equations describing the behavior of 
"the gyroscope are derived in the Appendix, using the laws of Newton. For 
purposes of discussion these vector equations can be reduced to the scalar, nation 


{ 


(I-67) @iw I 
) ws, ee 





tat 
8 


plus the rule that the spin vector precesses toward the torque vector. : 
In Equation (11-67), 72 - is the angular ‘velocity called "précossion" 
of the spin axis, 7 is the torque applied to the spin axis, 25 

is the angular velocity of ‘the rotor about the spin axis, and 7 je | 
the moment of inertia of the ‘rotor. Equation (11-67) states that if a 
axis, the spin axis will rotate (precess) about an axis at right angles 
to both itself and the axis about which the torque is applied, and at a 
rate proportional to the applied torque and inversely proportional to 

the nroduct of the spin velocity and the rotor moment of inertia. The " 
latter product is called the “angular monentun” and is designated ad 


(Z-€8) bx Ut 


o 


Then Equation (II-67) oan bs written as . 


(I-69). de = 7 
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“which 1s identical to Equation A-21 of the Appendix. 
The law governing the behavior of the gyroscope is reversible, that is,” 
an angular velocity input results in a torque output against whatever 


to 


output, In either case, Equation (11-69) applic, 
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restraints are provided, and a torque input ‘results in an angular Wea : 


EGE he 6 


torque is applied tending to change the angular orientation of the spin 
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| iets semis ses qed ts the spin axis, the gyro angular orientation 
remains fixed with respect to inertial (celestial) space, and in we con- | 
figuration it can be used to measure angular displacement of its case, when 
| suitable pickoft devices are used to measure the arigles between the casé ane 
_ the spin axis. Gyroacspes of this type are commonly used in automatic flight — 
control systems to measur. si angular orientation of the airframe » the so- 
Salied Avestieniigses bella cused Sovmsanure pitch emi wellaneie Co.- and d) 
* and the "directional" gyro being used to measure airframe heading ( a ). | | 


VERTICAL GYROS 
The vertical gyro is.orientated as shown in Figure 11-38, which shows the 

dyno spin axis aligned with the airframe z axis. The gimbal orientations corre- 
| spond to level flight. Vertical gyros are always supplied with an erection 
4 mechanism whose purpose is to keep the spin axis aligned with the local vertical. — 
The erection mechanism is required for ‘several reasons. First, since the win | 
‘axis tends to remain fixed with respect to inertial space, -the gyro would sense 
the rotation of the earth and the curvature of the earth as the airplane is flown 
: , at constant altitude. One purpose of the erection mechanism then, is to change 
the gyro reference from celestial to terrestrial. Another reason for requiring 
an ‘erection mechani sm is that it is impossible to. fabricate gyros with friction- 
less gimbals. Thus, as the airplane rotates about sither the x or y axis, tor- 
que is applied to the spin —_ through the friction in the gimbal bearings, 
caneing the gyro to prevess about the other gimbal axis. This would cause an 


yy 


unpredictable wander of the gyro spin ae: Other undesirable torques are 
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caused by such factors as unbalances in the gimbals or in the gyro, 





ee | | shifts of the center of gravity with respect to the gimbal axes due 
3 to play in the bearings or differential thermal oopannjons or * con= 


h o 4 . vection air currents striking the gyro rotor. 


a ae - . The erection mechanism for a vertical gyro consists of two de~ 
Se et vices (usually mercury switches), onecattached to each gimbal, and used 
| “ . to determine the direction of the net airframe acceleration. vector. 


Each of these switches Opsratse a separate torque motor | to apply ers 








que about the proper gimbal axis to align the spin axis with the sin. 














frame net. acceleration vector. Erection is normally cut out during. 
a coordinated turn to prevent the gyro from erecting to an acéeleratind® 


vector: not representing gravity. 


To minimize the coupling effects between the dynamics of the erection; 
system and those of the automatically controlled airframe, and to mini- 
mize the effects of transient accelerations along the x and y airframe | 


axes, the erection mechanism is designed to operate slowly, rates of 





two te six degrees per minute being typical. Many vertical gyros have 





two erection rates, the faster of which is used to provide quick erection 


to minimize the time required for the gyro to become operable after the 
oe 4s first turned on. = 


o 


: Section =. 


For those cases where the erection system natural frequency is much lower 
than ‘that of the airframe phugoid, the gyro can be represented as @ pure gain 


and its transfer function becomes 


) Ve. 
eo sae 7 


where Ve is the voltage from the gyro pickoff. This transfer function tends 
to be more accurate at low speeds, since the phugoid period in seconds is 
roughly equal to one fifth the airspeed in miles per hour. At higher speeds 


where the phugoid and erection system frequencies are closer together, it may 





be necessary to use Equation (II-71) for the gyro output voltage in the longi- 


tudinal mode. ir 


Ae 
5 428 
Ory? Ying. 


@Z7)) VYwh, e+ 


7 





In Equation (II-71), We is the erection system natural frequency, ({ is the 
airframe accelevation along the x axis, and t is its damping ratio. Since the 
erection system is quite nonlinear, the approximation of Equation (II-71) should 


be used only when small deviations from the vertical are being considered. 


A photograph of a vertical gyro is shown in Figure II-36. 
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DIRECTIONAL GYROS 

Two degrees of angular freedom are also used for the directional gyro; 
however, in this case the gyro spin axis is maintained in a horizontal plate 
by one of the eoneniwing motors and aligned with some specific compass direc- 
tion (usually north and south) by the other torqueing motor. The latter. torque 
motor is usually energized by the error voltage. originating in a synchro trans-_ 
mitter whose rotor is attached to the gyro outer gimbal and whose stator is 
attached to the gyro case. "the stator windings are excited by a remote com- 
pass tFanendctes, (See Reference 13 for a more thorough discussion of the 


gyro compass.) 


In actual practice both the vertical and directional gyros give accurate 
indications only when the gimbal axes are settoeonaa For example, reference C) 7 
to Figure II-35 shows that for a pitch angle of 90° » the condition known as 
"gimbal lock* occurs wherein the outer gimbal axis is aligned with the gyro 
spin axis. For this condition the gyro is not sensitive to roll angle. In 
the case of the directional gyro, errors are introduced whenever yawing occurs 
in the presence of a roll angle, such as during a coordinated turn. The 
equations describing these conditions are derived in the Appendix. 


RATE GYROS 

The rate gyro makes use of Equation (II-69) by measuring the torque which 
is generated by the gyro due to an angular velocity input. A single degree of 
freedom gyro is used for this purpose, and the generated torque is normally | 
absorbed by means of a spring which restricts the motion of the gimbal (see 
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Figure I-37 Single Degree of Freedom Restrained Gyroscope 
| (oriented to sense.rate of roll ) 


Figure II-37). Rewriting Equation: (II-69) to solve for the torque applied 


to the spring gives 


(IL-7 Tn tol! 
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where @&- is the airplane angular velocity, For a rate gyro mounted as shown 


in Figure II-37, the equation becomes. 
(1-73) T=7A 


where £ is the airframe roll rate. If the gyro of Figure II-37 is restrained 
about the y axis by a spring constant Ks » Viscous friction & , and coulomb 
friction F , and if the moment of inertia of the gimbal and spinning rotor | 


about the y axis is a. ys then the system equation becomes 


(I-74) 7m fo = Zo Ay + BA, + (Sov A, Leaks 


where Ay is the angular rotation of the gimbal about its axis, referenced to 


the gyro case. If the friction is neglected, the transfer function is 





A. 
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where 
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If an electrical pickoff is attached to the gyro to measure the gimbal 


rotation, the equation becomes 


| ra 
(z- 7é) % = My Ay a oe) 
fF PP : 





It will be noted that the gyro threshold due to friction can be expressed — | 
as | | . 


(7) pa 


Resolution of potentiometers or thresholds of other types of pick-offs 
must be added to this minimum signal to obtain the total minimun detectable 


signal. 


Two forms of geometrical cross-coupling occur in rate gyros, one 
caused by gimbal rotation when the gyro is indicating an angular rate and 
the other caused by the effects of the airframe angle of attack upon the 
axis about which the airplane rotates. Both effects introduce error in the 
measurement of the desired rate and introduce gyro outputs in response to 
Wweatlon of the airframe about other axes. The equations describing these | 


effects are derived in the Appendix. 1, “" "5 i 


A photograph of a rate gyro is shown in Figure II-38, 
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Figure I-38 Rate Gyro 
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""(b) ACCELEROMETERS 

Accelerometers are used to sense the linear and angular accelerations 
of the airframe. They consist almost universally of a mass of relatively 
high density which is constrained to translate or rotate against a restrain~ 
ing force or torque (usually a spring) as a result of applied noeaieratiode® ; ; | 
The mass is usually a solid, although it may bea liquid a8 in the case 
of the bubble linear accelerometer or the liquid rotor ineaiax accelerometer. | : 1 
Although these accelerometers differ somewhat in construction details, the 7 
behavior of most of them can be adequately described by a second order equa~ 
tion. To illustrate the method » the equation describing the behavior of 


a linear spring restrained mass accelerometst will be derived. 


The schematic diagram of the accelerometer to be considered is shown 
in Figure 11-39. Assume that the case of the accelerometer shown in the 
diagram has an acceleration in a direction parallel to the accelerometer 
sensitive axis and that the sensitive axis is inclined to the horizontal _ 
by an angle @ . The forces acting on the sensitive mass ans given by 
the following relation: | | 


(2-78) PY +Ay + F san Ye, 1772, we = 777( 1. - Yow) 





where Yoo Ls the motion of the sensitive mass relative to the accelerometer 


case, G is the damping coefficient, A is the spring rate of the restrain- 


II-105 


¥* vy 


b 
' wv (8 
fl hae 
} 
he 


Section 5 zi a io ow . ; A ‘ 


. ‘ i 
1 wo q 
, i Sf 
©. ih 

a 

7 

fF 

‘ 


Sa wedi Eae te ete eee Can pe 2 


. ing spring, and “ is the coulomb friction. Rearranging Equation (11-78) gives 
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Figure I-39 Schematic Diagram of Linear ¢lccelerometer 
- | | 

| 

vector lies along the accelerometer sensitive axis. If the quantity on the > | 

| | | 

ae 

| 
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. eid 
It will be noted that the motion or displacement of the sensitive mass is not 


proportional te the acceleration of the case whenever a component of the gravity 
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right side of Equation (II-79) is expressed by — 


then Equation (II-79) can be written as 


te B.* & 3 | ° xe 
(20-8) +55 Ya "3 Ye "Gg P00 Toe” 





If the friction is neglected, the transfer function is given by | 


if 
(7-2) Yas é(S)= 5 MBo1% = 


: “ oO 8 am a 
7 7 ns Sole ts 8 ey ent sar . 
“ eee - 5 ? a, dt ic © 





Then, if a suitable pickoff device is attached to the sensitive mass so 


that its motion can be measured, the transfer function becomes 


EN a i cate en et ne 


2K 
O88) Se (5)m Fre, 
a,P wr, 


where Ky is the sensitivity of the pickoff.in volts per unit distance. 
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" Motion of the bubble due to aéceleration, changes the resistance between the 
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The motion threshold of the sensitive mass can be expressed as 


To obtain the total threshold y the threshold of the plctott 4 device must be 


added to that given by Equation (IIe 84). 


It 4s of some interest to note the behavior of the accelerométer for 
various forcing frequencies. When the Benen of the applied acceleration 
is much less than uy, » the phase ea of the unit is small and the output is 
proportional to acceleration. When the frequency of the applied acceleration 
is approximately equal to WU, , hve phase lageor" the unit is approximately 
90° and the output is proportional to the velocity of the accelerometer case. 
Similarly, when the frequency of the case motion is much higher than CU, , 
the phase lag is approximately 180° and the output is aeatore proportional 


to the input displacement. 


pical accelerometers which are currently being used as sensors in auto- 
uatic flight control systems are shown in Figures II-40 and II-41. Figure I-40 
shows the sensing unit of a bubble accelerometer. It consists of a plastic 
block containing a cavity which is almost filled with a semiconducting liquid. 


plate at the bottom of the cavity and the electrodes at the top. Figure II-40b 


shows. two of these sensing units mounted in a case. In this application, the 
sensing units are interconnected to form a resistance bridge. This type of 
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Sensing Unit 


Figure 1-40, Bubble Accelerometer 
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accelerometer can only be used to measure longitudinal and lateral accelera- 
tions because it derives its spring effect from the acceleration which is 
applied vertically through the sensing unit. This fact makes the a¢celer- 


ometer sensitivity a function of the airplane normal acceleration. 


The accelerometer shown in Figure II-41 is of the spring mass damper 
type. The seismic mass is mounted on the armature of +n MEM coil pickoff, | 
and the armature is attached to the accelerometer case through a cantilever 
spring. Damping is provided by filling the chamber containing the mass with 


fluid. 


When properly oriented and located at the airframe center of gravity, 
accelerometers can be used to measure Qy the forward acceleration, ay 


’ the side acceleration, and Ag the vertical acceleration. 


An accelerometer can be used to give a reasonably accurate indication 


of sideslip angle. Equation (II-85) gives the transfer function for ayy 


ue, 
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Figure I-41 Spring-mass-damper €lccelerometer 
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Equation (II-85) can be rewritten as . > e = a iE . oe 4 


(I-86) Qy = BS+Y Se 


yi . . f- ey 4 
since_)7 = Ye /Uo » and since Bee ee “ - If a signal proportional — 
- ese 
to a ae subtracted from ay » the resulting signal is proportional to 


sideslip angle. Since sideslip angle and side velocity are related by the ex- 





- pression . 2 7 | 
(Z-8) y=eUkB | 
side velocity can also be obtained by this method. tee 
In a similar manner, the airframe angle of attack can be obtained by means | “| 
of a normal accelerometer, The airframe lift coefficient is given by . | | 
|| 
(I-88) C= @W ly 
’ $s | 
il 
where Qa is the normal acceleration, W is the airframe weight, F is | 
dynamic pressure Ss - “ = ) » and S is the area of the wing. In terms of ' 
angle of attack od , the lift coefficient can be expressed as ; 
(11-89) Cree ot. +C, 7 : | e 
(Li-¢ 1= LF a : a is 
a | 
where C, is the lift curve slope and C, is. the lift coefficient when 
oc ” - o o Py 
| © 
-112 | 
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os=O . Equating (II-88) and (II-89) gives — 


oe Ghee at ae: 
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Solving for O<, | Re fiat oe 








This relationship is sometimes used to compute angle of attack for 


fire control purposes. 


(c) LOCAL FLOW DIRECTION DETECTORS | 

It would be desirable in many cases to sense directly the air- 
frame sideslip angle © and angle of attack od so that these air- 
frame output quantities could be used for autonatie-coatrols Since 
these angles are defined in terms of the relative wind, their direct 
measurement involves measurement of the relative wind direction, or 
the direction of relative motion of the air as it passes over the air- 
frame. This is usually accomplished by means of a vane, a probe, 
dual pressure pickups, or some similar device. 
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Direct measurement of these quantities, however, suffers from the rather 
serious disadvantage that the direction of the local flow is not a direct in- 
dication of the desired airframe output quantities because of the disturbances 
which exist near the airframe, At subsonic speeds, these disturbances extend 
for some distance ahead of the airframe. Consequently, the true angle of 


attack or sideslip must be computed from the indicated angle. Additional data, 


such as indicated airspeed and Mach number, are usually required to perform 


this computation. Moreover, the characteristics of the sensors themselves are 
difficult to predict by analysis, and it is often necessary to determine them 


by experiment, These two disadvantages require that a flight test program be 


conducted to determine a suitable location for the sensor, to determine the 


sensor characteristics, and to determine the equation relating true angles to 


indicated angles. Because of the above disadvantages, these devices are 


‘normally used only for special applications, such as the measurement of rocket 


jump angle for fire control systems. Since their use is quite specialized, 


no further discussion will be presented here. 


(a) LOCAL FLOW MAGNITUDE DETECTORS 


Iocal flow magnitude detectors are actually pressure sensors and are used 


to give an indication of the velocity at which the airframe is moving through 


the air. Depending on the equations to which these sensors are mechanized, 
their outputs are proportional in the steady state to indicated airspeed, true 
airspeed, Mach number, or differential pressure. These devices are used as 


primary sensing units when airpseed or Mach number is being controlled directly, 
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or as a means of changing controller characteristics asa function of 


airspeed to compensate for changes in airframe characteristics, 


Since the dynamic characveristics of 1ecal flow magnitude de- 
tectors depend to a large extent ‘upon the characverieutes of the pitot 


static system into which they are connected, it is ‘not considered 





practical to present a detailed discussion here. However, it can be pale | 
that these sensors can often be eprroxinetes by she: following transfor 


function 











G98) Va | ee 





where V is the sensor output, pP’ is the pressure presented to the 
: . sensor by the pitot static systen, 5 and <4, are constants describing 





the sensor mechanical system, and 75 is the time constant describing . 
4 the sensor pressure system. Usually, the dynamics associated with S. 
and 44, are unimportant, but vhe time lag 75 may become large 
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enough to require consideration. In addition, the characteristics of 
the pitot-static system should be carefully analyzed because this ‘system 
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(e) PRESSURE ALTITUDE SENSORS 


Lacs 
as iy 2 a 
BS a ais a a pc 


Pressure altitude sensors indicate altitude by measuring the static air 
pressure. When used as primary’ sensors for automatic control, they must have 
an extremely low threshold if the altitude control loop is to be easily 
stabilized. Like wot pressure sienna » the sensing element usually consists 
me | of an aneroid bellows: the requirement for low threshold is often met by fe | a 
| . positioning the beliows by servo action after a change in altitude. Care 
re should be taken in soteting these ante in the airframe, for they are some- 
times sensitive to linear and angular accelerations. In addition, the static 
air line connected to the unit should be carefully selected to minimize the 


" | ‘ ‘time lag in the pressure changes presented to the sensor. The static pressure 


system should also be studied to determine the ‘effect of airfranie angle of 





| tT attack on the pressure in the system. . 7p oe . 
a | 

|| (f) SUMMARY 

To suanarize the discussion of sensing elements, the basic quantities of 


| 
| Table II-2 are repeated with other quantities added; possible sensors for 
} . 

feel measuring these quantities are also listed. 
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Basic Output Quantity 








___ longitudinal | ditions) 
Be <n « forward velocity Acéelerometer; Local flow nagittute he 
a | detector | e = 
= wy vertical velocity Kecdiarcastas Local flow direction 
4 i detector oa fo 
“oh ; 
t £ pitching velocity Rate gyro 
; Gx forward acceleration ‘ Accelerometer 
- : Qa vertical acceleration Accelerometer 
: | ot angle of attack Accelerometer; Local flow direction | 
ay. detector 2 
fy 
a ’ © pitch angle Stabilized gyro 
7 ll ee ; : 
. } i @ pitching acceleration Angular accelerometer; two linear 
a || . accelerometers 
Fi ' ee 
ra A altitude Altitude sensor 
e ; 


Basic Output Quantity 
Lateral 


u- side velocity 





7? rolling velocity 


? yawing velocity 
ay side ac:;eleration 


Y yaw angle 
Z yaw acceleration 
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g roll angle 


a x roll acceleration 





»f sideslip angie 








Table II-3. Sensor Application 
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Sensor 
Accelerometer; Local flow direction 
detector 
Rate gyro 
Rate gyro 
Accelerometer 
Stabilized gyro 


Angular accelerometer; two linear 
accelerometers 


Stabilized gyro; Rate gyro 


Angular accelerometer; two linear 
accelerometers 


Accelerometer; Local flow direction 
detector 
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SECTION 6 - THE SYSTEM CONTROLLER 





The system controller is the nerve center of the automatic flight control 


systen. Its functions are: 





1, To accept signals from the sensors or command sources 


4 | 2. To modify these signals as required by different component. 
characteristics (e.g., converting ac to de electrical 


signals) 


3. To effect signal phase lead or tae as uae for desired system | 
response ; 





4. To amplify the signals to a power level sufficient for Spebetion 
of the servo actuators 





Since most present day automatic flight control sy.tems convey information 
by electrical means, the control unit normally consists of such devices as. 
electrical modulators, demodulators, amplifiers, phase:shifting networks » 
summers, limiters, and switches to provide the functions listed above. Basic 
elements are normally the vacuum tube, the transistor, or the magnetic ampli- 


fier. Each has its limitations. Compared to the transistor, the vacuum tube 


I gs 
. 


. 


the transistor, however, and higher amplification is possible. Since the 
transistor is relatively new, it has not been used until recently for aircraft 
applications. The basic limitations of currently available transistors are 
their gain change due to ambient temperature variations ones their failure wmder 
high tmperabire conditions. When the temperature problem has been solved, 


‘i 

| is heavier, larger, less efficient and less rugged. It is more linear than 

; 

! 

| 

| transistors will probably largely replace most vacuum tubes for flight controllers, 


a 


since their light weight, small size, and low power requirements, as well as 
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ce their resulting ‘low heat rejection are unmatched by other amplifying elements. 
| 
| 
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‘The magnetic amplifier is the heaviest and the bulkiest of the three, 
‘and its frequency response is inferior to the transistor or the vacuum f 
tube. It also suffers from high temperature problems due to the 


characteristics of currently available rectifiers. 


The transfer function for the system control unit cannot be 
presented here since it is determined completely by the over-all system 


requirements and by the characteristics of the other components. The 





. system control unit transfer function is one of the outputs of the system 
synthesis procedure discussed in the next chapter. It ‘de.the one 


completely alterable element in the systen. 


SECTION 7 ~ CONTROLLER ACTUATORS 
_The basic purpose of a controller actuator is to change the output 

. signals from the system control unit to a form suitable for application 
to the surface actuator so that. the surface motion can be made some 
specified function of the controller output. Since the controller out- oe 
put is usually electrical, and the required input to the surface actuator 
is usually mechanical, the controller actuator must be a device which 
transduces a voltage into a mechanical displacement. As discussed in 
Section 4of this chapter, the mechanical load which the actuator must | 
displace is quite nonlinear, and for this reason the controller actuator 
is normally made to function as a position servomechanism, ‘The fnllowing 

. brief development derives the equations for a position servo working into 
a load consisting of a typical surface actuating systen. 
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Figure I-42 Block. Diagram of Loaded Positional Servo System 


Figure I1-42 shaws a generic block diagram of a position servo. No 
specific type of actuator shoyld be inferred from the diagram. The diagram and 
_ the following development are valid for any actuator which can be adequately 
represented by the two blocks shown. Both the two phase ac motor and the electro-~ 
hydraulic actuator which are discussed later>in this section fall into this 


classification. 


In Figure II-42, the actuator inertia is assumed to be part of the load, 
and the time lag between the application of the voltage E€ and the poniltent 
output torque or force is assumed to be negligible. The constant: ne TE 
represents the slope of the actuator torque-voltage curve at, zero output velocity, 


Kr, "represents the slope of the actuator torque-speed curve, V/ 


‘II-120. 


8. 








Sp Peale es ea es 


se Swe STE Se 2 Zh 
BS i PRENSA Se One RE SER Aiea ts Ses oper we 


pester 
Ree EDS aa 





ins 


iS et aATR te adie ce! 


REE 


Section 7. 


is the control unit output voltage, and g- is the load displacement. 
The torque or force applied to the load is given by | » # 


(2-93) T= Ky hye - AG 


The load equation of motion for series actuation was given by . 


Equation (II-66) as 


Lee) Ta DOr sav % + Ty San 05 08s O 


( 





Equating (II-66) and (II-93) and rearranging gives 


al: 
+ 
aw 
& 
g 
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x 
MX 
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From Figure II-41, 
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Substituting (II-95) into (II-9%) results in 
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Solving for dg 


(I) a= hy 
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This result is in agreement with the intuitive conclusion that if the 
output torque can be made large enough for small voltage inputs, the. 
actuator is essentially irreversible and therefore actuator position 
is independent of the load. In practice, of course, this condition : ened deatias ipa 
cannot be achieved exactly; however, it is approached by using a ee a a 


positional servo with very high open loop gain. 


Many types of actuators have been used in automatic flight control 
systems. Among these are: 


‘il Continuously running electric motor with power output 
controlled by voltage applied to a magnetic clutch. 


2. Armature controlled dc electric motor 
3. The two phase ac electric motor 





4. Hydraulic actuator controlled by electrohydraulic valve 
5. Relay-controlled dc electric motor | 





Of these, the most popular have been the two phase ac motor and the 
electrohydraulic actuator. | 





The two phase ac motor is normally used only when the load is 
relatively small, since it is difficult to cool this type of motor 
for sizes above 1/7 horsepower. This motor requires two phase 
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given by - 


_ usually less than 4 x . If the load is composed only of inertia and 


the inertia of the motor plus the load and B represents the damping of the 
| motor plus the load. 
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excitation, one phase being excited by a fixed voltage and the other phase 
by the servo amplifier. The output torque is roughly proportional to’ the 
product of these two voltages when they are 90° apart in phase, and the 
direction of the torque is determined by the polarity of the control vol- 


tage. 


The open loop transfer function of the unloaded two phase motor is 


(I-97) — = ‘fo ‘ / 
| 5(%aS#) 7g tt 





where J is the motor inertia and 6 is the slope of the motor torque-speed 


curve. The time constant 7 is caused by the winding reactances, and is 


damping, the transfer function of (I-89 ,) still applies if J represents 


In addition to displacement feedback, it is usually found necessary in 
practice to use rate feedback to obtain satisfactory damping. The closed 


loop transfer function in this configuration is 
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The winding inductance lag, T» “has ‘been neglected in (11-209). As 
in the case of Equation (11-99 y, ‘Equation (11-200) alse ‘applies. for 
the loaded condition td the values of J and B used in Equation 
‘(11-100) include the load inertia and damping. Typical values for 
Wn are 5 to 20 radians per’ weconty, with & adjusted as desired ate 
between 0.3. and 0675, ; Sie S 
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A photograph of a two phase ac servomotor with a built in ratie’ gerierator is 


i 
4 


‘shown in Figure II-43. 


The electrohydraulic servo actuator is becoming more and more popular for 
flight control application. This popularity arises from the following advaritages: 
‘1. High natural frequencies easily obtained _ “S 


2. ‘Low electrical power requirements: 





3e High power to weight ratio 
ie. TMetoeeneerte auetta eats 
5. No practical size limitation; available in sizes varying on fractional 
horsepower to many horsepower 

Physically, the electrohydraulic actuator consists of a hydraulic ram which 
is controlléed by an electrohydraulic valve. Although several manufacturers 
produce electrohydraulic valves, most of them are similar in operation. A typi- 
eal valve which is used for flight control application is shown schematically 
in Figure T-th. 


The operating principle is quite simple. The electrical signal moves the 
Pais between the two nozzles, unbalancing presgures a and EE thus 
causing displacement of the valve spool. Since the valve spool is spring 
loaded, the ddeplacenent of the spool will be proportional to the unbalance 


-* ’ 


‘in pressure. 
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Pg System Pressure, 


Figure 1-44 Schematic Diagram of 
a | €lectrohydraulic Valve 


A typical flow curve for a valve of this type is sketched in Figure II-45. 






-. Flow Rate 


— Input Current 


ak Figure 0-45 Coil Differential Current Electrohydraulic 
Valve Flow Curve s : 
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eave 


In practice, the electrohydraulic actuator is used as a position 


se1vo as shown in the block diagram of Figure II-46. 





Fiqure 1-46 Block Diagram of Position Servo Ust & 
4 an Electro yaroulie fictuator . 


The amplifier transfer function is assumed to be the constant 
" A@ « The time constant for the valve coil RL circuit can be 
neglected because it is usually of the order of one-half millisecond 


or less. 


Using the methods developed in Reference 11, the actuator-load 
network diagram is constructed as shown in Figure I-47. 
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Figure. I-47 dctuator-Load Network Diagram 

The equation of motion of the above system is 

(ZZ- eu) [ M, $74 (8, +8. )s +€ / X,=h:4 

where X = output motion of the piston relative to cylinder (in.) 


. 7 = differential pressure across the piston (1b/in.) 
‘A = area of cylinder 
- & = damping between cylinder and piston (lb sec/in.) 
G~= damping of load (1b-sec/in.) 
M, = mass of load (1b sec”/in.) 
&~ spring rate of load (1b/in.) 
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Two additional equations may be developed for ‘the cylinder flow 
relationships: 


(IZ- /oz) f= Gz - op Fe 


where. r = cylinder flow 


Z = valve differential current \propertionel to: 
valve displacement) 


, = 2 
yA 


C (slope of the valve flow curve) 


Cp) t 
r- 7 


° 


and 


az 


CIZ-/03) Pr BrXtS S#. 


The term C’ f? is analogous to the slope of the torque~speed curve 
for an electric motor and gives rise to similar damping effects. 
In Equation (II-103), a = spring constant of oil within cylinder, 


Equations (II-102) and (II-103) may be combined to form the equation, 





(I-/o8) RA = Glo ee 
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It is convenient to introduce still another relationship describing 
the force source ( FA ). A virtual servo output displacement x 
(which is fictitious physically) may be visualized as acting through the 
oil spring d, to produce displacement of the piston (or actual servo 


output). Thus the resulting force is. 


(I-105) Rae & (X*X) 


_ Equating (II-104) and (II-105) results in’ 


2 Ales e 
X* (fE+4)- 4 ee 4 


or 


(IZ -/06) x” CE, s+h, )-4,X =i 


2 
where Be = 7 is the effective damping due to flow 
Fes 3G ve 
4 Fret ) | 
and “= . is the effective static servo flexibility, 
Ce also due to flow 
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Equations (II-101), (II-105), and (11-106) may be combined to form — 


.the open loop expression 


(Z[- 107) 
— _£h 
Zz MA 4 Sy [he eee Sh, (é, Ake AA 


Equation (II-107) may be simplified by comparing the values of certain | 


parameters of the physical system. Since . >? & +f 5, 
and A >? 4, » this equation may be approximately factored, 


yielding 


(#108) de = 4 4 
Bast) 33 (2 14 + a s" Z J 


or 
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The effective damping term Loo is usually very high, yielding an. 
extremely low first order "break frequency," a, = vs WEB 








- pad/sec. Conversely, the undamped natural frequency tA, = Vb/y, ’ 


may be very high since the oil spring constant is relatively large and the 
load mass is often small. | | | 


‘With the information now available, the block diagram of Figure II-16 
. imay be redrawn as shown in Figure II-48. 








Figur ‘ 3 Equivalent Block Diagram of an 
ae " - E ectrobydraulic Actlator of 
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_ The equivalent open loop: of. Figure II-48 is. 


(ii CD 3 Zi = Vip be 
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The Bode plot corresponding to Equation (II-110) is shown in Figure I-49. 
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i } Figure I1-49 shows that the loop may be closed so that the closed z00R: 

| and 

: approximates a cirst order system, up to a relatively high frequency, 

LW 

4 s possesses low position error coefficients. 

| 

i aa + as : sia , 

| 1 Since z , is normally much less than wa. pin oo TOD ager 

. See 

| TSA] 

Fog 

| i 

1 

: i From Figure II-48, the closed loop transfer function then becomes 
a 

i! 

C J . 4 
, See “hg : O 
tt ki bk bok. . | 3 
ep : 

, 4 
! | . 7 . + 
| | The approximation of (II-112) tends to be more accurate for a series installa- : 4 
| L : 
oe tion, sinse the mass of the load is then smaller. 
i 
4 | | 
a A yhotograph of an electrohydraulic actuator is shown in Figure II-50. — 
t i | 
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CHAPTER III 
DESIGN METHODS 
SECTION 1 ~ INTRODUCTION a2 -% Toy gs 
This chapter discusses a procedure’ for designing automatic flight sh 3 

' control systems, It is, of course, not the only method by whicha . 


successful design can be accomplished, ‘put it is a method. which ex- 


Ss, eetsinisea aoc 
a e ms é 


perience has shown to. be quite satisfactory. A qualitative discussion a 





of the procedure is presented in Section 2 of this chapter, and Section 


| 3 illustrates its use by tracing the actual design of a stability aug- 


= e menter which is currently in operational use. 


SECTION 2 - SYSTEM DESIGN PROCEDURE 
(a) PRELIMINARY ANALYSIS 


concerned. with the determination of the system requirements, In 


case of an automatic flight control system, this must usually be. 


' airframé-automatic flight control system combination. 


The requirements for the complete airplane system originate 


test investigations and the resulting opinions of the pilots. 





The preliminary steps in the design of any system are, of course, 


the 


accomplished by first determining the over-all requirements of the 


from 
two major sources: Military Specifications and Govermnent Operating 
Requirements. Present military specifications for flying qualities . 


of piloted aircraft are based to a large extent on a series of flight 





. 


‘Section 2 eG 


; fees 
‘Desirable stability and contzol characteristics based on these studies are | oO 
contained in the military specification of Harapelice 15. Along with | | 
‘other considerations dealing with pilot comfort and safety, this specifica- 
tion states minimum requirements for the following: oe 


1. Dynamic stability of the airframe longitudinal short period and 
lateral dutch roll modes 





2. Static directional and longitudinal stability 


3. Spiral divergence 
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4. Control forces 


gland aaeteenesonnagie _ 


5. Maneuverability 


The specification referred to above is intended to apply primarily for 
the conditions under which the airplane is being controlled directly by the 





pilot through the manual controls. This specification is of interest to the CO 
automatic controls designer, however, because of its effect on the surface 
controls systems and because it is often necessary to provide stability aug- 


menters to ensure that the specification is met. 


Although a general specification for aircraft automatic pilots has been 


Sc a 
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used in the past to establish requirements for the performance of an airplane . 
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. under automatic control,* differences in tactical requirements, differences 
is the function performed by automatic flight control systems, and differences - 
in airframe and surface control systems characteristics have created 4 trend | 

"toward the preparation of a detail specification for each system. This de- 
tail specification is usually prepared jointly by the customer and the con- 

. tractor after giving consideration to the Government Operating Requireients 


‘and the airframe and surface control systems characteristics. 


A set of Government Operating Requirements (often abbreviated GOR) 
is issued by the government for each type of airplane purchased and usually 
forms a part of the contract. The GOR contains those airframe. requirements 
which originate from tactical considerations of the aircraft mission. Some 


examples of these requirements are listed below: 


Stability in excess of the flying qualities specifications 
Minimization of steady state sideslip 

Pilot relief during cruise 

Automatic steering during firing, bombing rus, or landing approach 
Cruise control for maximun range or maximum endurance | 
Climb or descent control | 

Yach control 


#A proposed general specification for automatic flight control systems has 
been circulated for comment, but as of this writing, this specification 
has not been released. A new specification, MIL-C-5900, bearing the title 
"General Specification for Automatic Flight Control Systems," (Reference 18) 
was released 25 March 1955. However this specification consists merely of 
¢ the old Air Force Specification No. 27500D with a new cover sheet. 
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- OH 
ue Altitude control © He a tal Sot & 


8. Automatic terrain clearance control 


The requirements for the complete airplane system, as obtained from the 
military specifications and considerations of the airplane mission, are used 
of to derive the requirements for the autonaide flight control i a after 


the characteristics of the ssabeertea element have bean determined. | 


DETERMINATION OF THE CONTROLLED ELEMENT CHARACTERISTICS © 

ee A detailed study of the airframe characteristics will show the modes of 

| ' automatic ‘control that will be raquined ‘to ensure that the complete airplane 
t system requirements are met, This study can be made in the preliminary design 
stage of the airplane, since the airframe characteristics are established at 


this time and preliminary stability derivatives will be available. This study. O 








can conveniently be made by means of the airframe perturbation equations. 
Approximate airframe damping and natural frequencies can be obtained by means 
of the approximate factors for the airframe equations of motion. It is often 
helpful to plot these quantities as a function of Mach number and altitude 


to aid in establishing critical areas. Bode plots are then constructed for 


Race 


as many flight conditions as necessary to verify those flight conditions which 
appear to be most critical. Preliminary information regarding which airframe 
output quantities should be controlled can be determined from the Bode plots, 


| as discussed in Section 2 of Chapter II. Airframe damping can be obtained on 


the analog computer by examination of the airframe transient response to im- 


pulse type surface deflections. The study of the effects of controlling 
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various airframe output quantities is usually made by considering the 
controller and feedback elements as simple gains, This procedure is 
directly analogous to the one used in Chapter Il, Section 2e in the 


discussion of the equivalent stability derivative approach. 


The results of the computer study will establish the requirements — 
for the automatic flight control system, for they will show whether 
stability augmentation is required, and will indicate those airframe 


output quantities which should be controlled. 


(b) ANALYSIS AND SYNTHESIS 

At this point in the design procedure it is helpful to construct 
a preliminary functional block diagram of the automatic flight control 
system. Information used to construct this Aira comes from fans 
sources, The study conducted in the preceding phase will provide in- 
formation regarding those airframe éubpit iquantities which best lend 
themselves to control as well as those airframe input quantities which 
show the most promise of providing satisfactory control. A knowledge 
of the state of the art of sensing devices is valuable here to establish 
which of the possible airplane variables suitable for control can be 
satisfactorily measured. In generai, ‘id intimate knowledge of system 
requirements and the characteristics of the various elements, coupled 
with a detailed understanding of the possible means of achieving the 
ends required, is the main basis for selecting the proper elements for 
composing a functional block diagram. 
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Section 2 


The configuration of the functional block diagram will indicate the 
types of sensing devices required, since the diagram will show which air- 
frame output quantities must be controlled. This will indigate whether 
accelerometers, rate or displacement gyros, local flow magnitude and direc- 
tion sensors are required, or whether some combination of these or other sane 
sors m. be used, Even though the specific units to be used are not chosen 
at this point, good judgment is required because it is not always wise to. 
sieasike directly the quantity being controlled. For example, it is shown 
in Section 3b of this chapter that sideslip angle can be measured better 
with a lateral accelerometer than with a local flow direction detector. 

It is decisions of this sort that mast be made at this time. Final selec- 
tion of sensing elements is usually made in the latter part of the analysis 
and synthesis Shade, after the effect of varying sensor dynamics has been 

determined, and after the required physical nature of the sensor output has 


been decided (i.e., electrical, ac or de, mechanical, etc.) 


A detailed functional block diagram can now be drawn which shows all 
signal paths and the types of sensing and actuating elements to be used. 
The next step in the design is to determine the desired characteristics 
for the controller and for each of the other alterable blocks. A brief | 
summary follows of the degree of alteration which may be available to the 


flight controls designer for the various blocks in the system. 
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Section 2 


1. Airframe. In the preliminary design phase, certain airframe parameters 
can be modified to some extent for the purpose of simplityizie the auto- 
matic flight control system requirements. Many of the airframe para- 
meters however, must be established by other considerations, such as 
maximum altitude, maximum speed, and landing speeds. When the airframe 
design has progressed beyond the preliminary etages, it must usually 
be considered unalterable by the automatic flight control system de- 


signer, unless some completely unacceptable characteristic is revealed. 


2. Surface Actuating System. If time scheduling permits, it is extremely 
advantageous not to finalize the design of the surface actuating system 
until after the functional block diagram has been constructed. At 

© , this time, decisions have been made concerning the type of automatic 
control required, and it is often possible to achieve great simplifi- 
cation by integrating the manual and automatic actuating systems. In 
addition, it is sometimes found to be impossible to achieve satis- 
factory automatic control when actuating devices are required to 
operate through manual control systems that were designed without 
giving consideration to the stability augmenter or autopilot. To 
insure optimum performance for the system combination, it is de~ . 
sirable if the same steps as those outlined here for the design of 
the automatic control system can be followed simultaneously for the 
manual surface actuating system. This procedure permits the integra- 
tion of the pilot's force producing mechanism and surface actuating 
mechaniem with the stability augaenter and autopilot. | 
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36. 


h. 


5e 


each of the alterable blocks depends to a great extent upon the emount of pre- 
liminary information available before the study begins, the degree of altera- 
tion available, and on the individual preferences of the designer with regard. 
to such techniques as root locus, Bode plots, Nyquist criteria, and analog 


‘in the limite?@ffavailable off-the-shelf items or of units which can be 


Controller Actuator. The alterability of the controller actuator is scme- 
what limited by the characteristics of the surface actuating system since 
this system makes up a part of the load of the controller actuator. This 
restriction establishes the range of Sooepkabie maximum output torque or 
force, and establishes the method by which the force or qocaue is trans- 
mitted to the surface actuator. Aside from this restriction, the con- 


troller actuator, as in the case of the sensing device, is alterable with- 


ee 
developed in time for use. 


Sensing Devices. Sensing devices are limited as to type by the block Ate 
diagram. They are alterable within the limits of available off-the-shelf 

items or units capable of being designed in time for use. It is sometimes | 
economically desirable to use a device already in the airplane if no serious O 
compromise in performance is caused by this choice. | 


System Controller. This unit is completely alterable. It is this block 
which is used to compensate for the characteristics of the other blocks 
by providing equalization and amplification for optimum system performance. 


The exact procedure used to determine the desirable characteristics for 
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computation. In addition, it is always necessary to make some basic 


assumptions, since it is never possible to take everything into con- 





sideration. These assumptions should be carefully listed in great 
detail for later verification by actual test. These considerations 
may modify the procedure outlined below; however, the procedure is 


sufficiently general to cover most cases. 


If no initial conditions have been established for the sensors and 





anor (they are alterable within the limits of available off-the- 

shelf items or of units which can be designed in time for use), it is fre- 
quentily::;; advantageous to consider these components as simple gains 

in the initial stages. Using the airframe perturbation equations, 

Bode plot and/or root locus studies are then made for inner loops 


or, for those parts of the system block diagram capable of being 
analyzed separately. The purpose of these studies is to determine the 
equalization and gain necessary for satisfactory systen performance, 
If the part of the system under analysis is complex, the results of 
the paper study should be verified by means of the analog computer. 


The next step should be to incorporate what are considered te 
be realistic dynamics for the sensors and actuators and to repeat the 
Bode plot and/or root locus studies. Any necessary changes in systen 
equalization or gain can be determined as well as the effects of ie 
ing the characteristics of the sensors and actuators. The results of 
this study should also be verified on the analog computer. 
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; 


As a result of the above study, the tolerable ranges for the characteristics 


of the sensing and. eetuatine elements can be established, and a catalog search 





can be made for the purpose of ghoosing specific components, If components with 
the desired characteristics are not available, it will be necessary to initiate 
the design of such components, or to evaluate the deterioration in system per- 
formance due to short iontngs of components that are available, or to rearrange 


the functional block diagram to permit optimum use of available components. 


. scat After selecting actuators and sensors, the linear static and dynamic 
characteristics of these components should be incorporated into the mathematical 


model representing the system under study. If these characteristics are different 





from those considered above, the equalization and system gains previously chosen 
‘ghould be checked. This can be accomplished either by Bode plot and/or root 


locus studies, or ‘by the use of the analog computer. 


The analog computer should also be used to study the effects of the compo- 
nent nonlinearities. These studies frequently suggest redésign or shifting of 
physical equipment or modification of equalization so that the undesirable 
effects of the nonlinearities can be ndnindzed. 


After the above procedure has been carried out for every part of the sys- 
tem which can be separately analyzed, the various parts should be combined, 
adding one part or loop at a time, until the entire system is represented. 
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Section 2 


After completing the perturbation studies, it is sonetines advisable 
to extend the analysis and synthesis phase of the design procedure to in~ 
clude a study of system performance when subjected to large scale maneuvers. 
| The complete, six degree of freedom airframe equations of motion should be 
used for this investigation. The decision as to whether such an extension 
of the analysis and synthesis phase should be made depends largely on the 
configuration of the automatic flight control system and on the character- 
istics of the airframe. If the automatic flight control system consists 
of both lateral and longitudinal channels, the study utilizing the complete . 
airframe equations of motion should almost certainly be made, since ex- 
perience has shown that systems whose parameters have been adjusted for 
optimum performance for small disturbances from level flight are not ne- 
cessarily properly adjusted for large disturbances; in fact, such systems 
may be completely unstable under these conditions ( see Reference 16 | )o 
Even when the system under design consists merely of a single channel 
stability augmenter, the performance of the system during large scale 
maneuvers should be determined if the airframe exhibits strong inertial 
coupling (as most supersonic airplanes do) » The results of these studies - 
may reveal that no set of parameters provides satisfactory performance | 
for both small and large disturbances, in which case it may be necessary 
to rearrange the functional block diagram to utilize other airframe out- 
put quantities which will provide satisfactory performance. | 
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Section 2 


The desired result of the above study is the detailed system block diagram, 


with the characteristics of each block completely specified. 


_ As mentioned earlier, individual preferences may place more emphasis on 
the use of the analog computer or some technique other than that indicated here, 
In addition, if intentional nonlinearities are included, some of the more recent 
developments in the analysis of these mechanisms should, of course,. be utilised 


(see Reference 17 ). 


(c) PROTOTYPE SYSTEMS 

The prototype systems are the physical manifestations of the mathematical 
models for the equalizers and other components, which were derived ‘in the pre- 
ceding phase. At least two wonetone of the prototype systems are usually 
fabricated, the first of which is a developmental model. A developmental model 
(sometimes called a "breadboard" model) is normally constructed from layout 
sketches and wicing actasatics » rather than from formal drawings. It is usually 
constructed in such a way that it has the desired functional characteristics; 
however, its physical layout may be different from that anticipated for the pro- 
duction system. For example, the developmental model for the electronic portion 
of the system might be constructed on any convenient chassis, utilizing any 
convenient physical arrangement of Sononeate but would consist of the circuit . 
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configuration planned for the production versi@n. — 
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nents and system frequency response, loading effects, linearity, saturation we 
mental model is also used to conduct closed loop flight simulation, tests 


_ a8 discussed in the following subsection. The equipment is modified - 


“when necessary, as the testing progresses.’ 


the test program of the developmental model. This preproduction model 
and, in addition, is designed and packaged for simplicity, reliability, 


production system, and in addition, the preproduction system is utilized 


Section 2 


The developmental. week is utilized for initial component and 
system tests to determine how accurately the physical orient represents 
the mathematical models. These tests include the determination of compo- 


levels, switching transients, noise characteristics, etc. The develop~ 


the preproduction model is the second version of the prototype Ty: 
ment which is nomally constructed. It is designed and fabricated during 


therefore reflects the results of the devaiapaentas model test program 
and producibility. The tests discussed above are repeated for the pre- 


for test stand and airplane eal and flight tests as discussed in the 
following subsection. 


(4) TESTING PROTOTYPE SYSTEMS — 

Many special devices have been developed during the last few years 
which facilitate automatic flight control system testing. Some examples 
are ultra low frequency oseiijgtors, mechanical sine wave generators, — 
force and displacement transducers, force producers, direct writing 
oscillographs, and automatic curve plotting machines. In addition, | 
at least one manufacturer has developed a device which gives a direct . 
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as dictated by the test results, the developmental model is subjected to system | 
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indication of amplitude ratio and phase lag.for conducting frequency response 
tests. In lieu of this device, frequency renponaee: can be determined by re- 

cording input and ontpae sine waves somubpaneourly. on a direct writing . 

Amplitude ratios. and 1 phase angles can then be computed trom 


Chane traces. 


Initial tests for a prototype system are made on the individual compo- 
nents. As disctissed previously, these tests are made to determine how accurately 
the physical equipment represents the mathematical models that were derived 
during the synthesis phase. These test results are usually in the form of in- 
put-output relationships and show such characteristics as f¥equency response, 
static gain, and linearity. Frequency responses should be obtained for several 
representative amplitudes at frequencies throughout the frequency range of 
interest for comparison with those .3sumed during the synthesis phase. When 


the component tests have been complieted, and the components have been modified 





tests, in which the components are interconnected in the same manner as for 
operational use in the aircraft. The characteristics of the sensors, the sur- 
face actuating system, and the airframe are simulated by means of an analog | 
computer, and representative loads are applied to the controller actuators.’ 
Modulators, demodulators, and scale changing devices are used as necessary 

to make the analog computer signals compatible with those of the controller. 
The system can then be operated under conditions which rese@ible those en- 
countered in flight. Complete system open and closed loop frequency responses 
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1 


can be obtained, as well as system transient response to representative 


‘4nputs, These data can then be compared to the results obtained during — 


the analysis and synthesis phase when the entire system was analoged. 
The results of this éclasavionn will reveal any differences between pre- 5 
dicted and actual performance of the prototype system when operating . 
with the airframe and surface control system. Of course, the accuracy 

of the results is limited by the accuracy of the simulation of the air- 


frame and surface control system. 


A more accurate representation of operational conditions is ob-~ : 
tained through the use of a control systens test stand. Since this 
involves the use of the physical components of the ‘surface actuating 
system, errors which might be introduced by its simulation are eliminated. 
Additional and more realistic tests are permitted because the human pilot 


control loop can be closed, thus simulating actual flight. 


A typical test stand consists of a steel framework upon which are 
mounted all the essential elements of the actual control ‘system of the 
airplane. These include the complete surface actuating system, pilot's . 
seat, cockpit controls, and artificial feel devices. Pilot control forces . 
which originate from effects such as the force applied to a bobweight dis 
es airplane acceleration are produced artificially by force-producing | 
devices which respond to signals from the analog computer. The auto- 
matic control equipment to be tested is installed on the test stand in 
& manner representing as closely as possible the actual airplane installa- 
tion, Simulated aerodynamic loads are applied to the control surface by 
means of mechanical or hydraulic springs and dampers. | 
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A pilot's display is often included to simulate as many as possible of the 


visual stimuli to which the pilot responds in flight. Cockpit instruments which 


horizon, turn and bank indicator, and flight path indicators. For certain 


applications an. cccilloscope may be employed to simulate computing: gun sight oP i 


indicators and pilot's automatic fire control displays. 


Figure III-1 isa view of a simulator from above and aft, and shows the 


rudder, the elevator, and one aileron. The control cables and hydraulic systen $$ = HI 


are located beneath the catwalk and cannot be seen in the photograph. A view 
of the cockpit area showing the pilotts seat, the control stick and rudaer 
pedals, the actuator of a force producing device,’ and part of the pilot's 


display is shown in Figure ITI-2. a , O 


As in the case of the bench simulation, the airframe dynamics are simu- a ! 


lated by means of an analog computer. The computer inputs are voltages pro- 
portional to control surface deflections, and its outputs can be voltages 
proportional to any or all of the airframe output quantities. These voltages 
are then used to operate the pilot's display equipment, the simulated force 
producers, the controlled platforms (when these are used), as simulated sensor 


inputs to the controller and for recording airframe response on the oscillo- 
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Section 2 


The controlled cise tenia mentioned above (occasionally called 
"tilt tables” or "roll tables") are sometimes used to produce physical 
inputs to the motion sensors. This equipment usually takes the form of 
& platform whose angular attitude is. controlled, in one or more degrees 
of freedom, by signals from the analog ddavinters By this means, physical 
inputs. can be produced for rate and displacement gyros and for low range _ . 
lateral and longitudinal accelerometers when the sensors are mounted on . 
the platform. Technical difficulties associated with obtaining adequate 
speed of response for large platforms have in the past restricted the use 


of such devices to applications requiring small displacement of sensors 





of relatively low inertia, except for special research installations. 
When a controlled platform is not used, the sensors are simulated by . 


means of an analog computer. 


Additional equipment is required to make the form of the signals | 
in the simulated equipment compatible with those in the real equipment. 
For example, the angular rotation of the control surface must be changed 
to a voltage before it can be used by the analog computer as an input 
to the airframe equations. This is usually accomplished by a potentiometer 
type pickoff which is attached to the contrel surface. Modulators, 
demodulators, and scale changing devices are used to change the form and 
level ef electric signals. | 
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A block diagram showing a setup for testing 4 stability augmenter or 
one channel of an autopilot on a control system test stand is shown in Figure 


“III-3. 


Without using a human pilot, open and closed loop frequency responses 
can be obtained on the test stand and compared to those of the complete system 
analog which was developed during the synthesis phase. Since most surface 


control systens are somewhat nonlinear, the effect of input amplitude on the. 


i 

| 

| 

| 

| 

| 

| 

| 

| 

: . ! 
frequency response should be determined. If the nonlinear effects are greater | 
than anticipated, design changes can be made so that the undesirable effects | 
of the nonlinearities can be minimized. If a sinusoidal force is required for | 
use in conducting the frequency response tests, this can be conveniently ob-: | 
tained by means of the bobweight force simulatpr, if one is available, by | 
applying an electrical sine wave input to the simulator. Stick-free transient | | 

. y 

‘tests can be conducted by deflecting and then releasing the proper cockpit 
eee ; 

{ 


control manually. A method of obtaining system response to arbitrary force 






inputs consists of applying the desired electrical function to the bobweight 


force simulator. 


As mentioned previously, the use of the test stand permits additional and 


= am ee at et apa ee a 


more realistic tests to be conducted for those operating modes in which the 
human pilot is included in the control loop. For these configurations, tests 
can be conducted with a pilot sitting in the cockpit and "flying® the simula- 
tor by observing the instruments mounted on the pilot's instrument panel. 


Such tests permit pilot evaluation of a system much earlier in the design | 


} 
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- of component failures, tests of this nature are almost mandatory 


‘could be mechanized, including the dynamics of the gunsight. For this 


‘to permit any indicated design changes to be conveniently made. 


Section 2 Se 


program than by any other method. Since actual operating conditions 

are much more closely simulated than was the case when the entire system 
was analoged, the test stand provides information that would otherwise 
be obtained only in flight. This reduces the magnitude of the flight 
test program. Quite realistic tests Ar be arranged for certain condi- 
tions which arise due to the tactical mission of the aircraft. For 
example, if the system under test is a stability augmenter whose purpose 


is to aid the pilot in aiming his weapons, a simulated tracking condition 


condition the gun sight pipper might be represented as one trace on the 
face of a dual beam oscilloscope, the other beam being used as a target 
indication. In this manner, the effect on tracking proficiency of varying - 


system parameters can be rapidly determined at a sufficiently early date 


Another important application of the controls test stand is found 
in investigating the results of possible component pakinves which might 
cause sudden, large amplitude, surface deflection. In this application, 
a systematic program is conducted to effect various failures such as tube 
failures, and open and short circuits. It is usually wise to obtain 
results for these tests both with and without the pilot in the loop, — 
since experience has shown that the pilot sometimeg causes a more severe 
maneuver than if he had not reacted at all. In those cases where there 


is any question regarding the structural safety of the airplane because 


X 


I-22 





‘ 
— 


. ae Section 2 -_ 


cee en 


boo because of the danger involved in determining these effects in’ 


flight. 


The greatest limitation in ground tests involving the use of the 


human pilot lies in the difficulty of adequately simulating the cues 
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to which he responds in flight. Although a pilot's display can be 


a 





: |. a constructed which will adequately supply the pilot with visual stimuli 


to simulate instrument flight, for non~instrument: flight the pilot 
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responds in some unknown way to such cues as the apparent motion of. 


clouds or the earth and the position of the horizon and other air- 
planes. Completely ignored are the effects »f such factors as his 
physical orientation, and the accelerations to which he would be sub- 
jected in actual flight. For these reasons, test stand tests should 


e 


be restricted to those condition in which the effects of thu above 


limitations are considered unimportant. 
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At the completion of the test stand program, the prototype .equip- 


ment should be installed in an airplane for ground tests. These will. . 
provide verification of the results obtained on the test stand. If 


a flight simulation program was not conducted on the test stand, the 
procedures as outlined above should be carried out with the airplane 
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substituted for the test stand. In addition, tests should be con- 





| 
: ducted to establish suitable inspection test procedures to be used 
KI : 
pt for the production systen. 
7 
aa r ’ 
| ¢ 
i 
ee | 
aH I-23 
2: : 
me, 
ee rn a en 2 Tae en ane mena 


1% 


= | : 


= Aten i anon tnt mst A an nt ne et Pat Ny hy pe tea i ear x a <= i , 7 : 





. * 


eo. 


at 


ae a Ste es 
* Wn, . 
a 5 E : 


| 


- dot 





Section 2. 


Flight simulation tests on the airplane are conducted in the same 
‘manner as outlined for the test seat All the comments made above with 
‘ respect to test procedures and test equipment for the sontkol epaten test 
stand apply to the ground airplane tests, including the use of the analog | 
computer to simulate flight. If an eetenaies program has been conducted 
on the test stand, this portion of the airplane’ ground tests will probably 
be limited to verifying that the performance of the system on the airplane | 
does not differ significantly from the performance observed on the test 
stand. This can often be accomplished without the use of a human pilot, 
but with the aerodynamic loop closed, by obtaining frequency and transient 
responses for comparison with previous test stand results. Conversely, if 
the test stand was not utilized, it will be useful to carry out airplane 
ground tests similar in nature and scope to those mentioned in the discussion 
of the test stand. As mentioned previously, such tests have the dual ad- 
vantage of saving flight time (and therefore aoat) and of determining the 
effects of varying system parameters much more rapidly than could be 


accomplished in flight. 


Inspection test procedures are required to ensure that malfunctioning 
components are not installed in airplanes when the system reaches the pro- 
duction stage. In addition, most automatic flight control systems require 
individual adjustments after installation in the airplane to compensate for 
component and airplane tolerances. Procedures for accomplishing this must be 


developed and written in such a way that the tests can be conducted by ° 
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mechanics or technicians not familiar with automatic control system 
theory. Since these test procedures are often quite complicated, 

even for a single channel stability augnenter, ‘it is almost mandatory 
that experiment be relied upon to some extent if a realistic test 
procedure is to be developed. A method which experieace has shown 
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to be satisfactory consists of first writing a preliminary but de- 
tailed test procedure and then carrying out this procedure on an 





airplane at the earliest possible date and modifying as necessary. 


“Ee 3 The first system available for this test will normally be the prototype . 
eh te system installed in the airplane used for ground tests. : 


S4 . The final evaluation of the operating characteristics of an auto- 
matic flight control system is, of course, made by means of flight test. 
4 The magnitude of the flight. test program depends to a large extent on 


‘| preceded. If a thorough flight Simulation program has been conducted 





. ! by means of either the controls test stand or airplane ground test for 
d a system in which the airframe dynamics are adequately simulated by 


the linearized perturbation equations, the flight test may consist of 


no more than verification of the results previously obtained on the 


ground. For more complex systems, however, such as a multi-channel 
maneuverable autopilot, some development work and optimization of 


| 
| the type of system being tested and on the amount of ground test that 
: 
= 
| 
i 
| 5 
i system parameters must be accomplished during the flight test phase. 
{ : : ‘ 
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Section 2 


This condition arises primarily from the effects of those airframe and pilot 


characteristics which were neglected during the previous tests. 


The same airframe output and “input quantities which wore recorded during 
ground tests should be recorded in flight. A sufficient number of additional 
quantities should be recorded to facilitate acuivats of ayia operation in 
the event that unexpected modes of operation duane: In addition, those quan- 
tities which define flight condition and airframe satlpieation should be 
recorded. The recording devices for flight test normally consist of a photo- 
graphic type recording oscillograph and a motion picture camera. The oscillo- | 
graph accepts voltages from the sensors and transducers » and the camera is used 
to photograph an instrument panel (usually called a "photopanel") upon which 
are mounted duplicates of applicable pilot's flight instruments. Sensors for : sal 
flight test instrumentation can be any of those discussed previously for use | | © 


with automatic flight control cystems. 


The initial stages of the flight test program should consist of a re- 
petition of those tests which were conducted in the flight simulation ground 
tests to verify the results obtained there. Depending on the type of system 
being tested, it may then be desirable to extend the program to those condi- 
tions which were not simulated during ground tests. These may consist of 
simulated tactical situations or large scale turning maneuvers involving 
considerable coupling between longitudinal and lateral airframe modes which 
are difficult tu simulate on the analog computer. Since these represent. new 
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test. conditions , the results of this phase may ¢all ‘for some redesign 


or readjustment of system parameters. 


(e) DESIGN OF PRODUCTION COMPONENTS 
The design of the production components cannot be said to occur 
chronologically at this point, but it should be completed at approxi- 


‘mately the same time as the flight test program for the prototype 





i. equipment. It can be said to begin at the time the sensors and actuators 

, | ‘are chosen. Design work then continues throughout the synthesis and 
analysis phase, utilizing the design requirements which are derived there, 
until the system. controller has been designed. This normally completes | 
the preliminary design work, and the preproduction system is fabricated 

QO to these drawings. As the preproduction system testing progresses, 

design changes are made and the equipment modified as the test results, 
dictate. In this manner, production design work is completed at the : 

conclusion of the flight testing of the preproduction system. 


The results of the design procedure to this point consist of the 
system and component detail specifications and a complete set of draw- 
ange: These are used by the production facility or by an outside 
vendor to manufacture production components. 


(f) TESTING OF PRODUCTION SYSTEM 
“Three tasks remain to be accomplished at this point: 


1. To establish test procedures to be used for routine inspection 
of production components and ayetens 
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_ cedure previously derived with the aid of the prototype system should be 
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2. To.verify that operation of the production systen does not differ, 
significantly from that of the peorelyre 


- 3, To conduct qualification tests. 


One method of conducting inspection tests for the individual components 
is by means of a bench standard system. To construct the bench standatd, de~ 
badled tests are conducted on each component vf the automatic tiight contro] 
mputeas until a complete set of components is found whose chavecterietics fall 
abproxinately in ‘the center of their individual tolerance bands. This set of 
components is then interconnected in a normal manner to form a complete opera- 
ting bench standard system. Additional equipment, such as controlled platforms, 
junction boxes, signal sources, simulated actuator loads, and measuring and 
recording devices ; are required to operate the bench standard system. Routine 
inspection tests are conducted by substituting the ¢dmponent, to be tested for 
its equivalent in the bench standard. Its operation is then checked with the 
standard components. The inspection tests should, of course, be as brief and 
as straightforward as possible since they will be conducted by nontechnical 
personal but they must be of sufficient detail to ensure that components not 
meeting the requirements of the drawings and specifications will not be accepted 


for use. 


In the first production airplane installation, the inspection test pro- 


verified. As mentioned earlier, this test provides a check of system operation 
for the airplane installation and a means of making any necessary adjustments. 
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This inspection test procedure is used for each airplane installation 


throughout the production run. 


To verify that the operation of the production airplane installation 
does not differ significantly from that of the prototype system, it will 
usually be necessary to conduct more extensive tests than those of the 7 
routine inspection for the first production instal):'.:.. Despite good 


intentions, some differences will always exist between prototype and 


_ production systems because, in general, they will not be fabricated by 


the same people or to the same drawings. The prototype: system is made 
to the preliminary drawings and then modified during prototype testing 
as dictated by the test results. Due to the pressures of a tight — 
schedule, these modifications are often made in haste and may therefore 
not adhere to good design practice. Such deficiencies would, of course, 
be corrected in the production version, but these changes, sometimes have 


unexpected effects on system operation. For example, a change in the 


‘design for an actuator mounting bracket between prototype and production 


has been known to cause instability in the production system due to time 
lag introduced by a reduction in structural rigidity. To determine the 
magnitude of such effects, open loop frequency response tests shoujd be 
conducted as well as tests to determine the system threshold and back- 
lash. If these tests reveal significant differences from the prototype 
system, the aerodynamic loop should be closed by means of the analog 
computers to determine the effects on closed loop operation. 
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| To provide final evaluation of the production system, a brief flight © 
test program should be conducted, This may consist of repeating a few of the 
tests that were conducted for the hanmcdacnien system. If a thorough ground 
test program has been conducted, flight test for the production system should 


be quite brief and may be accorplished in one or. two flights. 


In addition to the quality control maintained by the inspection tests, 
the military services demand assurances that flight. equipment will have an 
adequate service life and will operate satisfactorily in any environment | 
Likely to Le encountered. These assurances must take the form of the results 
of tests performed in accordance with certain military specifications. The 
military specification of Reference 19 establishes uniform procedures for 
testing aeronautical and associated equipment under simulated and accelerated | 
climatic and environmental conditions. In the past, actual tests to be con- 
ducted have been determined jointly by the customer and the contractor. 
Applicable paragraphs of Reference 19 were then called out in the detail 
specification for the system. A recently propased specification* calls - 
out explicit environmental tests for each type of automatic flight control 
system. These tests must be conducted on production components, and it is 
desirable to perform the tests as early as possible so that any indicated 
design changes can be incorporated before an appreciable portion of the pro- 


duction contract: has been completed. 


¥See footnote, bottom of page III-3. 
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| SECTION 3.- AN EXAMPLE DESIGN PROBLEM 
This section describes the step by step procedure which was 
‘used in the actual design of a stability augmenter, Although the 
system discussed is relatively simple compared to a complete auto~ 
matic flight control system, the problems encountered in its design : 
are sufficiently typical. to illustrate the design procedure dis- 


cussed in Section 2. 


(a) PRELIMINARY ANALYSIS 
As indicated in the previous section, the first step in the 

design of an automatic flight control system is the determination of . 
the requirements, and these in turn are derived from the requirements 
for the complete aircraft system. To simplify this analysis, only 

the lateral directional requirements are considered here, The airplane 
under consideration is a rocket firing jet fighter and its mission is 
to intercept and destroy bomber type aircraft through the use of an 
automatic fire control computer. The mechanization of the fire control 
computer used is based on the assumption that the airframe sideslip 
angle is zero. On this basis, hit probability considerations require 
that the sideslip angle he less than .005 radians at the time the 


rockets are fired. On the basis of the mission described above, the 


following airplane system requirements can be listed:. 
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7 ; f } 
1. Spurious lateral directional displacenents must be minimized to permit 
a smooth tracking run to be made, 


2. Transient sideslip angle must be minimized and steady state sideslip 
kept less than .005 radians to provide satisfactory hit!iprobability. 


3. The flying qualities specification for the damping of the lateral 

directional oscillation must be met. 

Requirement No. 3 imposes a minimum damping ratio no larger than § = 
0.15.* Since a damping ratio this low would permit a considerable amount of 
spurious lateral directional motion, Requirements 1 and 2 ake more severe. 
Therefore » a system meeting peghencaanks 1 and 2 will easily meet the dutch 
roll damping requirements of the handling qualities specifications. Assume 
that it has been determined (by analog computer studies or by some other means) 
that the basic airframe will not meet the dutch roll damping requirements of 
the specifications, and therefore that some form of stability augmentation will 
be required. The inmediate problem consists of determining the type. of auto- 
matic control which shows the most promise of ensuring that the above require- 


Ments are met. 


(b) ANALYSIS AND SYNTHESIS 

One commonly used method for augmenting dutch roll stability is to make’ 
the rudder deflection a function of yaw velocity (+). This tends to augment 
the stability derivative Ny » and as shown in Figure T1-18 » will increase 
the damping of the dutch roll mode. Although the yaw rate damper tends to 
reduce dynamic sideslip, it in no way minimizes steady state sideslip angle, 


and since this is one of our requirements, another device would be required 


| to. accomplish this. 


SE IE AS A I “ ‘ 4 : 
At the time this system was designed, the specification of(Reference 20 and 21) 
were applicable. 
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C) SECTION 3 - AN EXAMPLE DESIGN PROBLEM at, . 2 chee 
| This section describes the step by step procedure which was | i | | 

used in the actual design of a stability augmenter. Although the e 7 

system discussed is relatively simple compared toa complete auto-~ | . ; 5a is 


matic flight control system, the problems encountered in its design’ | 2 . ee ; 
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are sufficiently typical to illustrate the design procedure dis- | 


cussed in Section 2. 





(a) PRELIMINARY ANALYSIS a 
As indicated in the previous section, the first step in the 

design of an automatic flight control system is the determination of . | : | 

the requirements, and these in turn .are derived from the requirements j 


for the complete aircraft system. To simplify this analysis, only 





| 
| 
| | C) the lateral directional requirements are considered here. The airplane  —_— fe 
| under consideration is a rocket firing jet fighter and its mission is 
to intercept and destroy bomber type aircraft through the use of an 
automatic fire control computer. The mechanization of the fire control 
computer used is based on the assumption that the airframe sideslip | 
angie We: echo On thie badieg: bie pronebaally Gousidavetioua require. “ ae 
that the sideslip angle be less than .005 radians at the time the - 


a rockets are fired. On the basis of the mission described above, the 


following airplane system requirements can be listed:. 
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direct way of achieving this sort of control is to measure sideslip 





i 4 
Tish Sasi atineheiinare edie es ae 








A more satisfactory method of providing augmentation is to control . 
sideslip angle, since this permits minimization of transient and steady 


state sideslip as well as improvement in dutch roll damping. ‘The most 


angle and to use this signal, after subjecting it to proper equalization,  —__ vad 


to control the rudder as shown in the block diagram of Figure IlI-4. — 
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5 | | : | | \ 
Figure II-4 Preliminary Functional Block Diagram - | 
; for sidesip Stability Augmentor® oa 
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EC 3) Section 3 
. It will be noted that the system as proposed requires the use of a 
| device to measure sideslip angle. Direct measurement of sideslip by local 
flow direction detectors ia difficult because these detectors have certain 
| basic faults* ‘in addition to being subject to adverse angle of attack effects 
| and local flow disturbances. For these reasons, direct. measurement of. sideslip 1 


age | - angle was not used. 
RU ese y oe 
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It was shown in Equation (II-86) that an accelerometer provides a 


reasonably satisfactory measure of sideslip angle. In particular, it was 
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where . ae = lateral acceleration sensed by the accelerometer 


“A shown that for an accelerometer located at the c.g. of an airframe, 
at the c.g. . : 


% dp = the rudder deflection contribution to Q 
Fe Pk v 


Equation (III-1) shows that the lateral acceleration at the airframe c.g. . v 
is proportional to sideslip KS whenever Je “=O « : 2 





*See Chapter Ii, Section be. a 
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GA = the sideslip angle contribution to 44 
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The effect of Jd, pr. could be removed by subtracting an electrical sigrial 2 nae 
proportional to Ge Je from the. accelerometer signal; however, this 


requires additional equipment. 


The effect of the rudder motion on the accelerometer signal can be — it Oa 
educed by the method illustrated in Figure III-5. This figure shows | ca 
the accelerometer located forward of the. airframe cege The position 
which gives minimum rudder effect ig the center of percussion, which ts : 
defined as the point along a body about which the body starts to rotate 
without translation for a force impulse at a specific point. | For a 
force impulse at the rudder, the goeition of the center of cercueeiod for © ‘ 


an airframe is given by 


,» 4 "4 @ | ns 
ae A | Se 


(a-2)” 


where kK; @ is the airframe radius of gyration about the @., axis 
and ae and ae are shown in Figure III-5. 
The acceleration at the center of percussion will be denoted 


by ay ‘eae given by 


(I-3) Ag = ay he BG YB te 


x 


Be 


"See for example, Leigh Page, Introduction to Theoretical Physics, — 
D. Van Nostrand & Co., New York, 1935, pp 132. 
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Figure 10-5 Center of Percussion Relationships - at 
E fo determine how this accelerometer position will affect the character- . | QO | a 
h Astics of the controlled element, a composite Bode diagram was constructed as ; 1 
hi Show in Figure III-6, This figure shows Lyfe Yl fre ‘ and be : | | 
plotted on the same diagram. Inspection of this diagram reveals the following | 
interesting points. _ | . rik 
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(1) At frequencies below the dutch roll natural frequency, either 









( accelerometer position gives a satisfactory indication of 
} sideslip angle, | 
7 (2) At frequencies above the dutch roll natural frequency, neither ~ 
accelerometer position provides signals exactly proportional .. 

i to sideslip angle, although-the center of percussion gives. a | 
more accurate indication than does the c.c, | 

| 

e: (3) Satisfactory performance can be obtained more easily with an 
accelerometer located at the center of percussion because of | 

r the lower amplitude ratio at the;higher frequencies. _ zi 
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On the basis of these senctataa iene it was concluded that good a oe 
system performance could be. obtained at a. oultable accelerometer could : 


be found, me eee oe i eee ‘ . Pa a Ge 
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The block diagram for the system using lateral acceleration asthe - 5 RO Q 7 a 


controlled airframe output: quantity is shown in Figure III-7, ve - . 
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Figure M-7 Preliminary Block Diagram for =idesiip Stability er 
_-Flugmentor’ with Lateral Acceleratio a 
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it would adversely affect the coordination in aileron turns. This is illus- : : 
I 


aisbatdng ‘the aedeuenacetes forward of the c.g. has one serious drawback: 
trated in Figure III-8 which shows that a yawing acceleration occurs when a “| “ 
turn is entered. The hr contribution to the accelerometer signal (see 
Equation (III-3)) would cause a rudder deflection which would oppose the | . : oP 
 eaing acceleration, thus. causing the airframe to sideslip as it enters os =) 
. the turn, After a steady state tum is established, however, there would be | 


no effect due to “ } » since is zero. : i 
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Figure II-8 Geometry of Turis 


One simple method for counteracting this tendency is to provide to 


the rudder a lagging signal proportional to the aileron deflection. Thus, 





when right aileron is applied, this lagging aileron signal will deflect 
the rudder to the right to counteract the 4, + portion of the acceler- | ‘ 
ometer signal. This method was used in this example and the determination 


of the magnitude of the time lag will be demonstrated in the section deal- 
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ing with the analog computer study, de 
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Since sideslip stabilization is to be used in manual flight, it is advan- 





tageous to use a series linkage to tie the actuator into the rudder surface 
actuator. This will allow the pilot to add rudder motion to the stability aug- 

menter When he desires to sideslip the airplane. In addition, the rudder My o Pe _ 
. uations due to the augneriter are not fed back to the pilot through pedal motion, ; - 

and thus, coffusing feel characteristics are avoided. The restrictions which - * - oe 7 


this requirement places on the controller actuator would depend, of course, on 
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the surface actuating system configuration. In this example, the surface E A, 


actuating package had been previously designed as a fully powered hydraulic 
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system, but the design of the artificial feel mechanism had been delayed pending 


‘determination of the requirements for the controller actuator. 


It is advantageous to include manual rudder trim in the systen to minimize Q 
problems arising from the series installation of the actuator. This is easily : 
done by feeding a signal Preyer to the desired ae ae the rudder 


actuator, as shown in Figure III-9. 


little can be said about the system control unit at this point, except that 
it must accept signals from the accelerometer, aileron position sensor and pilots 


a 


te ; trim sensor, provide equalization in accordance with requirements yet to be de- 
termined, and provide driving signals to the actuating device which are propor- 





tional to the modified sensor signals. The signals to the controller will al- 
most certainly be electrical and may be either ac or de oe on the types 
of sensors available, . 
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This jonedindes the derivation of the basic system configuration. 


The system block diagram showing all signal paths and the general types 





. of sensing and actuating elements to be ised is presented in Figure 
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III-9.. The stability augmenter as shown should provide good ‘two control ; : : o 
: | a /--— gperation, since it will tend to minimize sideslip, even for aileron in- 7 & ae he 
puts. This should permit the epee to fly the See without using | oa 
the rudder pedals. 


A list of the sensing and actuating elements along with their 





desirable characteristics, as thus far determined is presented below. 


1. Accelerometer - Must be capable of providing an electrical 
output proportional to lateral acceleration. 





C) . : 2. Aileron position sensor ~ Must produce an‘ electrical. signal | 
proportional to aileron deflection, A cable driven 
potentiometer would provide this signal. 


. - 3. Pilot's trim device - Must provide an electrical signal a 
| ; 3 which indicates the pilot's desired rudder trim angle. 3 
| 
| 
| 





A kmob driven potentiometer located in the cockpit would ‘ : 
accomplish this function. Vides 14 


4. Actuator - Must be capable of providing an output motion 

: ss proportional to an electrical input from the control : 

i unit. Series installation is required, and an extensible 
gsi link type actuator is a natural for this. 
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Figure I-9 Final Block Diagram for Sideslip 
Stability €lugmentor m, 
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It was felt that a factor which might make the choice of the accelerometer 


very critical was the threshold requirement. Aside from stability considera- 


tions the accelerometer threshold for this application must be sufficiently 


low that the requirement for maintaining steady state sideslip below 0.005 


radians could be met, Since the system configuration depended on the possibility . — 


of obtaining a suitable accelerometer, a catalog search was made at this time 


‘ rather than waiting until after the detail analysis as is usually done. 
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‘The required accelerometer threshold can be obtained through the. 
use of Bastion ere! which is reneaces bane for reference, | 


xe 


Equation (III-4) gives the an between a. 7 ana gee 
and since, in the steady state Z g= » Equation ATII-4); canbe. ge 


written as: ' A 


(QI-5) ye = 


for several values of oS in Figure III-10. 


It was decided. ‘hat the accelerometer should have a threshold 
corresponding ‘to a sideslip angle no larger than one tenth the system 
requirement of .005 radians. alinenes this ratio is somewhat arbitrary, = 
the accelerometer threshold is made much less than the system requirenent 
to make allowances for the thresholds and deadbands in the other components. 
From Figure III-10, it will be noted that the accelerations equivalent 





to ao = 0005 radians decreases with fe’ ‘The accelerometer threshold 
should therefore established at the lowest value of F rs which is con- 
sidered representative of a tactical flight condition. This- value is 


. approximately 1,0 psf which corresponds to .75 Mach nunber at an altitude 
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Figure IE-10 Steady State Lateral Acceleration ( 
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‘of 45,000 feet. For this condition, the value of A ay). corresponding ee 
to &, -0005 radians is ercnan ee 0.3 milli-Gts. 


To insure that the phase lag of the staeee would be small 9 tn 
in the frequency range of interest, the minimum accelerometer natural, 
frequency was established at ten times the o5-Priienasdnian natural 
frequency. Reference to ‘Table III-1 shows a, a to be approxi~ 
mately 2.2 radians per second or .35 cps» On this basis, the minimum ; 


natural frequency for the accelerometer was chosen as 3.5 cps. 


A catalog search revealed a qualified accelerometer with the 


following characteristics. | 


1. Threshold less than 0.1 milli-Gts. 

2, Linearity +5¢ _ 

3. Range +0,.3G 

4. Natural frequency 3 cps 

5 Damping Ratio 0.3 

6. Sensitivity, év/a when excited by 115V, 400 cps 


r 


Although the natural frequency of this accelerometer is slightly 





below 3.5 cps, it was found to be the only qualified accelerometer 
available which met the threshold requirement. It was therefore de- 

| cided to utilize the characteristics of this accelerometer in the 
analysis and synthesis phase to determine whether satisfactory per- 

| formance could be achieved. It isa spring-mass-damper accelerometer | 
| 
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It is repeated here in slightly different form. | 7 
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a = 20 RAbdfs —_ Bs ese | ee af 
"le. zl Opcac, Se = 0.3. AND k= 8 vars PER GS 

Since a satisfactory electrohydraulic series servo actuator had been 
developed for a previous system, it was decided that this actuator should 


be used for the sideslip stability augmenter. The open loop transfer 


tag ante A NE LE EET are a snot 
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z axe 


function for this actuator when driving spring restrained load was given in 


Equation (II-111) as 
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were Kee & / 4, and Tbe y L, . -_ symbols bz and Ac p are 
defined in Chapter II Section 7, and 2 ig the load spring rate. Since 
‘for this particular series installation, the load spring rate will be small 


enough to be neglected, Equation (III-7) ‘is written as 
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and ite transfer function wae derived in Chapter II and given by Equation (II-63). 
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The electrohydraulic actuator is used as a position servo as shown in 
Figure III-11, where Ke is the amplifier gain, Kp is the feedback 
potentiometer gain and g- is the actuator displacement. | 
vy 
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The closed loop transfer function for Figure III-1l is given by. 








or 


Co Mi TES 





ZZ~1o) 


yy! oe 
where Ai =k, and °m= alae Hg 


Due to the difficulty in accrately determining ke, and to. » the loop 
was adjusted for optimum performance experimentally. After this adjustment © 
it was found that CM = .03 seconds, The gain control 4% m is left to 


be datemnined as an alterable design element of the systen during the detail 


design procedures subsequent to the system analysis and arabes se: 


‘The surface actuator for the aircraft under consideration consisted of 
a full-powered hydraulic system. It was found experimentally that this systen 
could be represented by . | 
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where ty = 0.03 seconds, and Ky = 10.6 deg/inch, i. 
The airframe transfer function is given by : ! - : a 2 i 
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Numerical values for Equation (11-12) aré giveri in Table III-1: for 
seven flight conditions. ee heros = ae 

The basic sideslip stability augmenter is sen with these transfer 
functions in Figure III-12. The remaining problen is to det ermine oe. Ei 


equalization required in the system Sontret unit. 








( . 
a @ 
Note that Z Aye, and 7,’ differ fron Ziv, Z, and “ay, | 
as given in Equation (11-41) beckuse of the relocation of the 4 
accelerometer, oe 
III-49° 
pene ae es er, ‘ : 4 : ; 





6-AI uotyenby tog sete, TeOTIOUNN T-IIT oTqEs 


kz rare ea: ota jet 





€6°S- 06°S 


szor | oo ‘- | ere | 











See a a 
36 


€z0° | o0z°T ez T oat $S°E- Paes 66t0"- | TT0°- 


S€00° | 60° | ere-| tre | uso | go0r- | gz |oo0'se| 00's ae 
Mu 








= eer worl oe a etertet | 


: aed 4 a bo | 


*the, 





+09 





[are f 


Section. 3 
























it will be noted from the preceding discussion and from Figure 
III-12 that the only alterable block remaining in the system is the 


system control unit. The remaining steps in the analysis and synthesis 


o Kents) 





t iy 
Figure I-12 Basic Lop of Sidesip Stability Elugmentor 





phase are concerned with determining those characteristics of the system 1s 
control unit which will provide performance meeting the system require- ie 
ments. This is accomplished by Bode plots and root locus and the results "A 
are verified on the analog computer. r 2 
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Figure III-13 is a generic Bode plot of tiie Ay transfer function 





on : 
(for the spirally divergent conditions). and of the ‘Complete open loop transfer 
function indicated in Figure TrI-12, in which the system control unit is re- 
presented by a pure gain, Ke . It. is apparent. that with a pure gain term for 
\4 

the system control unit, there is no value of system gain K = kaki kin kn Ka ) 
which can be used satisfactorily. This fact is even more. evident in the Foot 
locus sketch corresponding to the Bode plot of Figure IJI-13. The root Locus. 


sketch is shéwn in Figure III-14.* 


From the root locus, it can be seen that. there is only a very slight in- 
crease in dutch roll damping, as the system gain is increased. As the system 
gain is increased further, the dutch roll damping begins to decrease. Note - 


also that when the gain is high enough, the dutch roll becomes unstable. 


To increase the dutch roll damping, a lead term of the fom TS +/ 
must be uséd in the system control unit to increase the phase margin near 
dutch roll frequencies. The lead circuit will arbitrarily .be. chosen so that 
the phase angle is increased by about 60° for the lowest dutch roll natural 
frequency to be expected which is approximately 0.6 radian per second. 
Choosing + to be 0.3 radian per second should satisfy this Gonaitioas 


A 
The generic Bode plot now appears as in Figure III-15. 


To attenuate high frequency noise inputs and aleo to exevine for a larger 
operating gain margin, a lag must be used in Seajansiien with the lead so that 


the system control unit transfer function becomes 


*For simplicity, the assumption has been made that Thy, = Te in the root 
locus diagram of Figure II-l4. In addition, all the root locus diagrams used 
in this example are based on a phase angle of O degrees rather than 180 degrees, 
due to the sign change which occurs in the controller. (See. reference 8, page 


| III-21.) 


III-52 a 5 = 





* 
OR. ARON 
q 
‘ 
D 
> 
7) 








ay 


eo 
Unif 


e 
TIT~53 


&R 
oe’ 


and for & 


* * e 
2 
Ss 
A. 
co 
z 
as 3 
a 
% ;. 
Q 
@ 
A 
x... 
= 
he 
CG . 


_ Saasbag ui ajbuy-2soqg 


fe 





90 
0 +180 
-90 270 


+180 OF 
© +90 


te 4 GP at oyoy apap dua 





; 
"contre 


System 


- with Pure Gain in the 








“0 O~<*x 


a /| — 18% BI 





IIT-54 











tS oc ss = tt i ae EN ne ee cai cect ee ee tel SS 
Y ag 7 aN 
* ae 
ao » 7 ae a2 
Ff, ies 4 “ a 
t 2 
: 2 si pt nds 
4 Se ta o 
¢ = eee SSS ay Hoes 
+ ge - eee Se 





p Stability ‘Augmenter with: : 


Lag in System Contro} Unit 


Lode Plot of Sidesli 


90 
0 
-90 
180 : 
210 
360 


+ 


gp arog apmyydue = Stab aybuiy as0yg 


Pure Lead 
Lead-Leg — --——--— 
| 
| | 
1 | 
| | 
== 
1 | 
| | 
| | 
| | 
| | 
| | 
pili ie 
| | 
elt 
e | 
|| 
|| 
- t, fo, 
Figure I-15 Generic Bode Pi 




















= 


Pure Lead and L 














re 


ree ee te ei 


Section=3 


‘is shown in Figure III-15. gee? “a. ie 


Fn a r+ eee onan eA I A wy 
¥ \ ey . \ at 
A * up oN 
gin ge ti © he ee ee os pp a te tt 


Cs 


a 


“Os ‘ 3 ; < 


| (aet-13) kK, 6 (= & geet a ve ocpsch OO : 
| TgS+l m ; | 0 












The effect of the lag term on the equalized airframe controller combination 


To simplify the nomenclature, the term Meow » is introduced where ; 


ye 


(r-4) toon, = = fe» fre] i, ke aoe 


The term in brackets i represents the atheranle gain elements in the 
physical system. : 4a" 


Note that with the lead-lag network, a rather large value of controller gain : ; | 
Keovr, » can be used before system instability sets in. This is indivated - 
in the root locus plot in Figure III-16. It should also be noted that the 





8 lo 


magnitude of the lag time constant 7 is critical. The effect of 7p 
is show in the soot locus plots in Figure I-17. . : eo, 


Th a 
In Figure III-17a, the 7 ratio is relatively small, and as a 


result, the effective phase lead from the ( Tp S+/ ) term is reduced. 





Consequently, the advantage gained by using the lead term is lessened and 
the root locus plot resembles that for the pure gain system shown in 

Figure ITI-14,. As Ta is decreased, the Dutch roll damping can be in- 
creased more and ‘more, as s indicated in Figure III-17b. 
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Since the dutch roll natural frequency varies with, flight condition, 
it will be necessary to vary the characteristics of the controller lead ~ 
lag network with some flight parameter, to provide proper equalization 


throughout the flight mepems of the airplane. As demonstrated above, 


Soy a 


7 this can be conveniently done by varying the controller lag time ‘constant “ . 
TB. Since the airframe steady state gain also varies through wide. : 
limits it will also be necessary to vary the controller steady: state gain oe 


4 » with some flight paraneter. : ee 
ey 8 


The determination of the two controller parameters AL,,, and 7g’ 
; / 





was accomplished by means of Bode plots, as shown in Figure III-18. The 
controller steady state gain Keon, was chosen first by selecting a system 
zero db line, or "closure line™ in such a wey that a 40 degree phase margin 
is obtained near the dutch oe naire Prequetiey: The value. for Mog. 
was then measured directly tbe She. Bbde plot and 4, cor, determined by 
means of. Bquation (III-1,).. Application of this procedure to the seven 
flight conditions listed in Table III-1 provided the values shown for 


in Table III-2 and Figure III-19. 


Table III-2 Preliminary Estimates for 


A © III-59 


ee 
z - wo + 
; co = 


aie 
Ts 
| 
| 
| 
| 
| 
| 
| 
a | 
oa. 
| 





eee mm aN Sie Me me 
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{ne selection of 74 was based on the ee that an 8 db pareercane 3 


between the gain line and the asymptote break at o is adequate to give 
a salistactory gain margin (see Figure ITI-18). Again 7g can be measured 
eased Ly frou the Bode plot and the results for the seven flight conditions are 


given in Table ITI-3 and are plotted as a function of ; fe in Figure ITI-20. 
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Table III-3 Preliminary Estimates for [g 


A straight line approximation to the plotted points is drawn in Figure 


| IJt-.y. This curve can be obtained physically by a linear potentiometer posi-~ 


tioned by fe e The two lower points correspond to Gondition I and III, and 


are ignored because they do not represent combat flight conditions. 


Assuming that the values of Keewr, » and 7# given in Figures III-19 | 


and ITI-20 are correct, the sideslip stability augnenter system would give 
adequate damping ratio ( { in the order of 0.6 or 0.7) for the dutch roll 
oscillation, However, there is one basic fault with the system as it now 
stands. 


Consider Figure ITI-18 and the 4j, column in Table III-2, For all 
but one condition, the system open loop gain Ke isa relatively small 
value. It is a well-known fact that for any servo system, the steady state 
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errors increase as the system gain decreases. For the sideslip stability 
augnenter system, the low system gains lead to poor trimming characteristics 
which are manifested by steady state sideslip angles or side accelerations. | 
The poor trimming characteristics of the system can be remedied by raising 


the controller gain. However, raising the gain indiscriminately would make 


actually required is the raising of the de or low frequency systan gain to 





improve the trimming qualities without altering the dutch roll equalization 


previously determined. 


1 
. | 
2 the system unstable as indicated by the Bode and root locus plots. What is 
| One method of improving the trimming qualities is to add a pure integrator | 


in parallel with the lead-lag rate circuit. Then the complete system control 


unit transfer function becomes . © 
| pst 
K, | ~ s 





Ty St/ Ss 


which can be rewritten as 


| | | (22°15) 


| I ari kk, ae t®a ae 
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a | C) It will be noted that the equalization lead break Picutatian My 
is related to i Wp? the controller gain through the integrator. 
This relationship is such that the complete open loop Bode ‘diagram 
4 : near and above the dutch roll frequency is changed very Little by the 
addition of the integrator. This is apparent in Figure IIi-21, which 
| is the generic Bode plot for the complete system for two values of 
Koon, (after Keown, and 7p have been ad nated 2 give ee . 
dutch roll characteristics). es 
Note that at frequencies above “4, » the Bode plots of Figures 


III-18 and III-21 are similar. Note also that although both gains 


will give zero steady state positional error, the system with the higher 


Kear, gain (curve #2) will reach the steady state sooner than the lower 

C) gain system. This is aviaect from the fact that the subsidence mode 
introduced by closing the loop has a time constant To » which is approx- 
imately equal. to the reciprocal of the frequency at which the system | 
zero db line intersects the low frequency Sovtscn of the open loop system 


amplitude curve.* It is evident therefore, that the trimming time 
4 ‘ : 
| constant, he can be selected by proper choice of the controller gain 


through the integrator cowry ; 


The desired value of Te was based on the required value for trimming. 


rate during the.last few seconds prior to firing the rockets. The only 


¥See Reference 6 for a discussion of the relationships between open and* 
closed loop systems. 
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requirement for rapid trim changes during this time arises when a significant 
change in airspeed is made. Since one of the requirements of the fire control 
system used in this airplane specifies that essentially constant airspeed 


should be maintained during the last 10 seconds prior to firing, it was de- | 





cided that it would be desirable if any steady state sideslip were reduced 
to a negligible value in 10 seconds, Since a first order lag reaches 98 per 
cent of its final value in three time constants, the requirement can be stated 


mathematically as 





(BII) 2% =/0 ea F208 
Cc 


It should be noted that the selection of the controller gain 
based on the desired value of Te does not necessarily result in a system with 
satisfactory stability. Since the requirement for stability was of prime im- 
portance, while the desired value of 7c. was considered to be of secondary 
| importance, Keane 
was selected to give the desired value of % when this selection 


was selected by the following method. The controller gain 
Keown , | 
did not result ina system phase margin of less than 40 degrees. For those 
cases where Kons. as selected above resulted in phase margins of less than 
40 degrees, A,,,7, was reduced to obtain the desired phase margin, which of 
ag / 
course resulted in larger values for 7¢, . Actual values of 4) = hawt, Ka, y 


_were determined graphically by the method shown in Figure III-22. 


Application of the procedure to the seven flight conditions of Table III-1 


resulted in values for Keon. 


as given in Table TiI-4 and Figure III-23.. 
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Table III-l Preliminary Estimates for Rawr, O 
ners again, the calculated points can be approximated by a ‘function of impact « . 


pressure. In this case, Ke eng -/ 
2 


Using the preliminary estimates for Keown, ; 18 » and Kear, as 
given by the straight line approximations in Figure III-19, III-20, and III-23, 
the Bode plots corresponding to the seven flight conditions are given in Figure 


ITI-24 through III-30. From the figures, it can be seen that for each of the 
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gain margin <= 6 db 
phase margin <= 40 degrees 
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The first relation in ane (111-18) assures that any steady . 


“ oy o 
| r ; a 
to . - 
| E ; 
[. 
i 
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1 cid state side acheierations will be trimmed out within 12 seconds. The . 
last two relations in Equations (III-18) give a dutch roll damping ratio 7 
in, the neighborhood of O.4, a value which: is ‘considerably higher than 





Gs ‘ | any of those aoe the basic airframe alors. To verify these observations, et 


ee os 


| the reot locus for Condition V 4s presented: in Figure I-38, a 


This Pook: locus plot is constructed by keeping the ratio of {3 ,w7 i 
to Keon sonstant (see Equation III-16) while varying K o Ma * 


z 
| ' " obtain ‘the plot. The ratio used corresponds to the valuas chosen from. 


a nana een aEaES 
2 


Qe 


Figures III-19 and III-23 for this flight condition or 


alt 6. 8G mz-1) Kean, = BS stcs = 0.52 SECS. 
3 ae? . 


‘This of course means thas Kean, » and Reus are both varied to | - . : | 
1 
| 

; | 

| 
! 
' 


, The figure shows that the dutch roll damping ratio has been increased 





» | frem 0,013 to 0.39 for the gains chosen, It’ will also be noted ‘that 


fee the damping of the dutch roll mode could be increased by increasing 
| | . Keawr, + (keeping’ in mind'that AZ,,7, must also be increased to, | . a 
1 § 

| 





z / ° . : 
keep the ratio Ager, 1 Keaorr, constant). Consider a value of | 2 





Keown, '» which will give the maximum damping for the augnented 
| 7 dutch roll mode. For this condition of ee ’ Keonte dif _ 


~ 2 ‘, 
o> “ e 


oo 
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his condition is Seeaa because it most closely ane what a : C) 
be considered a typical combat condition... oo ah 
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| 67 Sectaen.3 
fo UE : 
a es a . 
py 
po ; : is 58, Di, However, with ‘this value for Ktowr-» » the mode created y 
eee 
BI combining the V 7g and Vin Td roots will be only- 0.26 ‘damped. 
of Furthermore, if the gains for this condition are to be increased, the - 
ea x :| gains for the other six cope tone would probably have to be increased to 
ae r a | re preserve the desirable mechanization curves, ie., to preserve the dinetagsis 
‘ a ti ‘s a Keawr. Xx, Ze “7% oe cows or S a . For most of the other six 
~ | é conditions, the augmented dutch roll mode damping is already. near a maximum 
en p value for the values of he and Keon7, chosen. Raising these gains 
i would ‘not only decrease the damping of the £ %p)- (Vr. Ty) mode, but would 
tae A, also decrease the damping of the augmented dutch roll mode. 
i i 
f Therefore, for the time ‘being, the values of Resse: ? Tp and oe 
: ' given in Figures III-19, III-20, and III-23 will be assumed to be correct. 
f These values lead to the results discussed following Equation (III-18). 
B. The next step in the analysis and synthesis phase of the design procedure 
i consists of an analog computer study to check the validity of the transfer 
i : 
oa % 0 
| i function chosen for the system control unit, and to determine the effects of 
i 
4 } possible system inherent nonlinearities. 
| ‘ ie é 
yg ' Se 
eae (e) ANALOG COMPUTER STUDIES eG 
| b The equations used for the analog computer program are the airframe equa- 
4B . . 
i . : 
er tions given in Chapter II and the sideslip stability augmenter equations. 
a The airframe equations were given in Chapter II as Equations (I1-29}. The | 
L sideslip stability augmenter equations used are given by Equations (III-6),~ 
| 7 . e / . 7 < | 1 
4 = a oe : : ' 
|e III-86 : | / ne GA Oe, 
H ; i ” Patt q 
Ei 
NN ete ak kt Lees wee eee Dah niin, Hale ect Ne we eh eee eee 
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Section 3 


(101-10), and (III-16). The transfer function for the surface actuator 
is given by Equation (III-11). These equations were mechanized on the 
analog computer and the test results were recorded by means, of a direct. 


inking recording oscillograph. é | | . . es a Bs 





Figure III-32 shows the response of the basic airframe of Condition — 
V to a pulse rudder input. The poor damping of tlie dutch roll mode and _ 


the divergence of the spiral mode {as shown in the g tace) are e clearly 


evident. 
fs The effect of the lead lag equalizer 4, [= 27 on the 
1 o e Dy S+/ 





dynamic response is shown in Figure ITI-33. For this trace Mahe 





“= 13.5 (from Figure III-19)# and 7p = ,228 (from Figure 

III-20). The dutch roll damping ina beea improved considerably with the 

oscillation decaying to.negligible values in one cycle. Figure IIT-3h 

i ‘ shows the effect on dutch roll damping, of adding the integration loop. 
In Figure III-35, the ability of the augmenter to reduce an out of trim 

: | 4 i ' condition is shown. The out of trim condition was simulated by adding. 


a ramp voltage to the voltage representing the rudder deflection. 


; 
@ : “ o A cottpari sen of the curves in Figures III-36 and III-34 shows that — 
. an increase in Ke. CONT, and Keonr, of 25% (with 7p = .228) improves 


the dynamic response characteristics of the system for this particular 


condition, | - a "| 


Tine constants 47! and ce shown on the oscillograph records corres- 


ft OC) pond. + ° font | and AZ,,, r, respectively. 
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Section 3 _ . | 1 
: \ é . r : 2 i) 1 H { 
Computer traces for Condition IV are shown in Figures III-37 through III-41. Ce. in 
‘ Again, it will be noted that system performance is improved. when caw, and | q 
j 4 , . ' Los c an . | ‘. 
oe Ko are increased by 25% (e.g. compare Figures III+39 and IJI-41).. 1h 
CONT, 2 — s : [a 
Figures III+42 through III-51 show the computer traces for the other five - . | 
‘flight conditions, first for the original values of Az j.,, and Keonrs . i 

and then with these quantities increased by 25%. As a result of these traces, { 

these gains were increased by 25% and are shown for this increase. in Figure 

. T1152. = | | 
By inserting aileron pulses into the system it was determined experimen-. vy a j | 

tally that a simple gain between aileron deflection and rudder deflection would 
| not provide good coordination. By means of a trial and error process, it was | 


found that a one second lag for all flight oonditions » with gain varying with O 
flight condition would provide good coordination for aileron tums. Figures °— 
III-53 through III-59 show the computer traces for all seven flight conditions, 

The values for the aileron to rudder gain (K oe ) are given in Table III-5 

and plotted in Figure III-60. — . 
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Table III-5 Preliminary Estimates for &, 
OE efi a 
The straight line approximation to the points plotted in Figure III-60 


corresponds to a ge" curve. 


The effects of backlash on system stability were investigated by in- ' 
serting various amounts of backlash between the controller actuator and the 
output of the rudder surface actuator. By means of thesectests it was con- 
Cluded that 0.04 degrees of backlash would be unnoticeable to the pilot even 
though a limit cycle condition exists*. Also the sideslip oscillation is well 
within system requirements. The computer traces for .04 degree backlash are 
shown for three flight conditions in Figures III-61 through ITI-63. Note 


"The pilots? sideforce threshold has been experimentally determined to be 
‘between the limits of 2 to 20 mg. Although the 2 mg limit is exceeded 
slightly for one flight condition, it is a condition which exceeds the 
level flight speed capabilities of the airplane and therefpre will seldom 
be used. cee 1 es 
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that the amplification of the resending device has been increased 
by a factor varying from 50 to 100 over the previous figures. It’ 
“will be noted that for this waive of backlash a'y max <= 42.2 mg 
and fe max ~ +03 dege Figure TII~64 shows the effect of 204, 


the limit cycle which exists for this condition is still well. within 


the system requirements, 


.The block diagram is shown in Figure TII-65. 












AN 


degree backlash plus .02 degree threshold between the controller 


actuator and the surface actuator output. It will be noted that 


This concludes the analysis and synthesis phase. The results 
of the study include the system block diagram with all parameters — . 


chosen, except the gain from the pilot's trim knob to rudder deflection. 


Pilot Trim Aileron Deflection 
















Rudder 


Servo | 
factuator | 


fictuator 





Acceler- 
ometer 






~ Figure I-65 Block Diagram of Sideslip Stability @ugmenter 
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The system control unit transfer functions as derived in the preceding 


« 


discussion ‘are given by Equations (III-21 and (III-25). 
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are. given in Figure III-52. Also, 


(QE-24) ki = Keowr 
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For aileron inputs the controller transfer function is 


(a-25) ce = 43 
i” a 

where 
(ZZ-26) a = Eo 
tig ka 


K Sn. is given in Figure III-60. 


The transfer function for pilot trim inputs will be a constant, the 
gain to be selected later, but should be such as to provide full servo 
actuator output for approximately full trim pot rotation. 


The servo actuator and accelerometer transfer function were selected 


previously and are given by Equations (III-10) and (III-6) respectively. 


(d) SYSTEM TESTS 

| The remaining phases of the system design procedure which were con- 
ducted for the sideslir stability aupaenter consisted of open and closed 
loop bench tests of the developmental model, airplane ground and flight 
tests of the preproduction model, and airplane ground and flight tests of 
the production system. The results of the above tests revealed no serious 


discrepancies in the system configuration which was developed in the analysis 


and synthesis phase. 
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CHAPTER IV 
SYSTEMS ENGINEERING AND OTHER DESIGN CONSIDERATIONS 


SECTION 1 - INTRODUCTION 

The purpose of this chapter is to present a discussion of several concepts 
which facilitate the design of automatic flight control systems. The ideas to 
be considered are mostly of a non technical nature, however the degree of 
success of an automatic flight control system depends to a large extent. on 


their application during the design procedure. 


A discussion of systems engineering and the advantages of its application. 


to the design of automatic flight control systems is presented in Section 2. | 





Section 3 describes the concept of functional mechanization, while some of 
the problems associated with the physical installation of the equipment in 
the aircraft are discussed in Section 4. 





SECTION 2 - SYSTEMS ENGINEERING 
The present stage of aeronautical development is one in which technological 
advances in airframe design and similar increases in power plant capabilities | 
are forcing equally rapid developments in allied fields. One of these fields 
in which rapid develovactite must of necessity be made is the field of the auto- 
" matic control of aircraft. Automatic control systems must be integrated in a 
very special and exacting fashion into the over-all system. The intimate 
relationship between all the various subsystems, which collectively constitute 
the over-all system, is such that the design of each subsystem must be based 
_ on the consideration of its effects on the operational characteristics of the 


over-all system. 





In order to cope effectively with the problems involved, the concept of 
systems engineering must direct the coordinated design effort necessary to 
produce an operationally satisfactory high performance aircraft system. 
Systems engineering concerns itself with establishing the general requirements | 
for constraining the complete system (consisting of both the controlled and 
controlling elements or subsystems) to perform in a prescribed manner. The 
over-all system under consideration here is a piloted aircraft, This, of 
course, consists of subsystems which are alterable in varying degrees to the 
control systems designer. Obviously, the human pilot is the primary un- 
alterable subsystem. In addition, as mentioned previously, the basic airframe 
which is to be controlled is relatively unalterable to the automatic flight 
control system designer. It is his task to provide control devices which, 
when operating in the complete system, will result in over-all system opera- 


tion which meets the customerts requirements.. 


The procedure discussed in Chapter III, Section 2 is based on the concept 
of systems engineering. It will be recalled that the procedure begins with 
the determination of the over-all system requirements. Based on the over-all 
system requirements, subsystem requirements are derived » and then by means of 
analysis and synthesis procedures, requirements are established for the in- 
dividual components which go to make up the subsystems. At the completion 
of this process, the systems engineer gives consideration to the best method 
for obtaining components which meet his derived requirements. Existing compo- 


nents are used where no intolerable deterioration in systen performance results, 
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in the complete integration of all the systems and components involved, 


. ments for the individual components, he chooses or designs components 





and new components are designed when necessary. This procedure results 


thus preventing duplication of equipment. In addition, since by the 


very nature of his task the systems engineer establishes the require- 


which will provide optimum system operation, while simultaneously en- 


suring that the components used are no better than they need to be. 


The application of the techniques of systems engineering to the 
design of automatic flight control systems for piloted aircraft is in 
its infancy. However, it is mandatory that its application be expanded 
if future requirements for high performance aircraft are to be met. 
Systems engineering has been somewhat retarded in the past due to the 
reluctance of the veteran aircraft controls designer to place full con- 
fidence in automatic flight control systems. This reluctance is somewhat 
understandable, since the controls designer had been using the same tech- 
niques successfully for years on airplanes of lesser performance, and in 
addition, the systems man is treading on what had been the sacred domain 
of the controls designer. However, future successful designs will result 
only from the application of systems engineering which requires close 
coordination between the designers of all the subsystems which go to make 
up the piloted aircraft. 


SECTION 3 - FUNCTIONAL MECHANIZATION 
One of the problens which remain after the automatic controls designer 


has completed his analysis and synthesis is that of obtaining reliable 
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components to meet his derived requirements. Experience has shown that when new- . 
ly designed components are used, a large part of the total design time is often 
spent in debugging these components. This is an expensive and time consuming ; 
procedure which makes it very difficult to obtain reliable systems in time to 

meet the production schedule for new airplanes. Tn fact, it is not unusual to 
find the automatic controls designer still attempting to qualify his system 

after a large portion of the production contract has been delivered to the cus- 


tomer, The problem is becoming more and more acute because the rapid obsolescense 





of new airplane designs is forcing airframe manufacturers to produce initial 

flight articles with less and ese delay between receipt of a contract and the 
first flight. The configuration of these new airplanes are such that some 

means of control in addition to pilot control is mandatory to obtain satisfactory 
performance. In fact, the trend is toward the use of more automatic control equip- 


ment. 


At the present time each airframe manufacturer must independently undertake 
the design of the necessary control equipment for his aircraft. ‘Since new air- 
frame dynamic characteristics are markedly different from those of existing air- 
craft, the new control system requirements and resulting configuration are also 
different from existing control systems. As a consequence the procuring agency - 
must assume the development costs of z new flight controller for each airframe 
model. Even then it is nearly impossible to complete a new development flight 
controller in time to match the production schedule of a new airplane. Thus 
the procuring agencies are burdened with great expense and still do not achieve 


the desired results. 


IV-4 





The use of the concept of functional mechanization greatly facilitates the | 
solution of the problem discussed above. As the name implies, functional . 


mechanization is a mechanization according to the function to be performed 


ee ee SE 
é . ee 


rather than a grouping of components based solely on physical considerations. 
The components are unifunctional and are grouped according to the over-all 

rs rn cae system performance requirements. Each functional sub-assembly such as an | 

Hoe - amplifier, modulator, matching circuit or power supply is designed as a 

> plug in type unit. Each one of these mits undergoes a continual. developmental 


‘process so that the most current research advances are always reflected in 








qualified, ready to use components. The components are designed so as to 
‘provide the basis for a unified, integrated control system. The procedure 

. | ( ; . operates most efficiently if a limited number of fully developed components 
| | are stocked as shelf items. To physically mechanize a controller for a new 





! - ; system, the systems designer needs only to select the proper plug in units, 
: make the necessary couplings and interconnections, and install the complete 
system for prototype tests. This procedure provides reliable, qualified 
units at a minimum cost of time and Moneys 


SECTION 4 - OTHER DESIGN CONSIDERATIONS 


| 
. Although a limited amount of the discussion presented to this point | 
has dealt with physical considerations of the system and components of 
automatic flight control systens » the bulk of the material has been con- 
cerned with methods of obtaining a system which performs in accordance with 
the detailed requirements. Jittle consideration has been given to the effects. 


of such factors as the following: 














| problems eause trouble primarily because they are neglected. For this reason 








1. The requirements dealing with the physical installation of the equip- 
‘ment in the aircraft . 


2. The environmental conditions to which the equipment will ‘be icles 
3. Reliability requirements’ 


4. Operation and maintenance requirements 


4 





Although their solutions may seem obvious, experience has shown these 
problems to be more troublesome to the average flight controls designer than . 


the problems associated with analysis and synthesis. It is believed that these 


the following disaussion does not attempt to give detailed solutions to the prob- 
lans,:;but only points out their existence. | 

The requirements dealing with the physical installation of the equipeent O 
in the aircraft originate from considerations of the Pollonding? ' 

1. Space availability 

2. Access provisions 


3. Effect of component installations on airframe center of gravity 


he Local environments 


Space availability considerations are quite obvious except for those cases 
where it is important that a component such as an actuator or an accelerometer 
must be located at a specific point in the aircraft. In this case it behooves 
one to survey the area of interest at a sufficiently early date to ensure the ' 


required spacé will be available. 
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Access provisions shou}d be adequate to allow the system to be 


easily adjusted when installed in the aircraft and to permit removal of 





components for maintenance. 


The characteristics of the local environment at various points in 
the airframe should be surveyed very carefully before choosing locations 
for component installations. Conditions of special importance are those 
due to ¥ibration, temperature, mechanical shock and acteleration. For 
example, the operation of a motor or a pump may cause severe vib tions 
in a localized area which would damage certain of the components if they 
were mounted nearby. Such a condition would require that the ‘component 


be shock mounted or moved to a more favorable location. 





As mentioned previously the military services require that aeronautical 
equipment be capable of satisfactory operation while being subjected or after 
being subjected to certain environmental conditions. These requirements 
are intended to ensure that the equipment will operate satisfactorily under 
any environmental condition which is likely to be encountered. Conditions 
for which specific requirements exist are operation while being subjected 
to high and low temperatures, high imidity, high altitude, vibration and 
acceleration. In addition, storing the equipment in the presence of -fungus 
or salt spray should not cause famage. Uniform test procedures for 
establishing that the above requirements are met are given in Reference 19. 
Components which have passed the tests of Reference 19 in a manner acceptable 
to the customer are called "qualified components. 
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Reliability corisiderations take on two aspects; first the equipmerit should 
be designed to operate satisfactorily without overhaul for a reasonable period 
of time and second, when the system fails it should "fail safe, A reasonable 7 ; 
period.of time has been defined as 1000 hours for parts not containing vacuum 
tubes and 500 hours for vacuum tube replacement. Fail safety considerations 
require that malfunctions will not make the airplane uncontrollable or cause 
maneuvers so violent that the airplane suffers abructinal damage. _ Malfunctions 
normally considered in this study are primarily electrical failures such as. 
tubes, open or short circuit or sticking relays, however hydraulic failures such 


as value jamming etc., should be considered when applicable. 


The problems which arise due to the fact that the equipment will be operated 
and maintained by personnel not familiar with automatic control theory are often 
neglected. It is extremely important that automatic flight control systems be 
designed in a manner conducive to the application of simplified trouble shooting 
techniques. It is sometimes helpful to include integral trouble shooting circuits. 
in the design of the components. If these are not used, it will probably be . | 
mandatory that special test equipment be designed for use in maintaining the system. 
It has also been found helpful for the systen designers to accompany the first 
few production models into the field for the purpose of indoctrinating military 


personnel in system operation and maintenance. 





Some automatic flight control systems have been considered as un- 
satisfactory because of neglect of the above problems, even though when 
operating normally, the systems left little to be desired. Combinations 


of several of the above problems can be espécially troublesome. An 





example of such a combination occurred for a system in which one component 
was mounted on a bulkhead beside an air compressor which generated vibrations 
in excaue of the amplitudes for which the automatic flight conten east 
was designed. The high level vibration caused rapid deterioration of the: | 
potentiometers in the flight control component and this, coupled with the 
fact that the system was difficult to trouble shoot resulted in the system 
being inoperative in a large percentage of the airplanes which had been 
delivered to the customer. The solution to such a problem is, of course, 
 abvious once all the contributing factors have been established. In this 
particular example, however, several months of intensive investigation were 


required to determine the factors which caused the problen. 





} 
{ 
t 
4 
} 
- 
¢ 
i 











BIBLIOGRAPHY 


Draper, C. S., "The Control of Flight, ». Automation in the Air," 
Engineering,.May 27 , 1955. 


Bassett, Preston R., "Instruments aia the Control of Flight," 
Aeronautical Engineering Review, December 1953. 


Beard, M. Gould, and Percy Haipert, “Automatic Flight Control 
in Air Transportation," Aeronautical Engineering Review, 
May 1955. 


Johnson, Lt. R. L., "Automatic Pilots, Past, Present, and. Future," 
Instruments Branch, Bureau of Aeronautics y BuAer Report 
(unnumbered), ce 1945. 








Anast, Capt. James L., USAF, "automatic Fiight Control ,* 
Aeronautical Engineering Review, May 1952. 


Klemen, Alexander; Perry A. Pepper; and Howard A. Wittner, 
“Longitudinal, Stability in Relation to the Use of an Automatic 
Pilot," NACA Technical Note, TN 666, 1938. 


Bassett, Preston R., "Development and Principles of the Gyropilot ," 
Instruments » September 1936. 


Methods of Analysis and Synthesis of Piloted Aircraft Flight Control 
Systems, prepared by Northrop. Aircraft Inc, BuAder Report 
AE-61-41, Bureau of Aeronautics, Navy Department, 1952. 


Dynamics of the Airframe, prepared by Northrop Aircraft Inc., 
Buder Report AE-61-4II, Bureau of Aeronautics, Navy 
Department , 1952. 


The Human Pilot, prepared sy Northrop Aircraft Inc., Buker Report 
AE-61-4III, Bureau of Aeronautics, Navy Department, 1954. 


The Hydraulic System, prepared by Northrop Aircraft. Inc., Buder 
Report AE-61-4IV, Bureau of Aeronautics, Navy Department, 
1953. 


The Artificial Feel System, prepared by Northrop Aircraft Inc., 
BuAer Report AE-61-4V, Bureau of Aeronautics, Navy Department, 
1953. 











13. 


15. 


16. 


17. 
18. 
19. 
20. 
2l. 
22. 


23. 


25. 


26. 





Handbook Operating and Service Instructions, "Type J-2 Slaved Gyro Magnetic 
Compass System," U. S. Air Force Technical.Order .T.0. No. 5 N1-2-4-1, 
November 1, 1954. B i i ~ . 


Ahrent, William R., "Servomechanisms Practice »" McGraw-Hill Book Co., Inc. 
New York, 1954. 


"Flying Qualities of Piloted Aircraft," Military Speotticat ton: MIL-F-8785 
(ASG), sepvenber 1, 1954. : 


Dawson, John W., Harris, Lawson P., and Swean, Edward A., "Dynamic Response 
of Two Aircraft-Autopilot System to Horizontal Turn Commands" DACL 
Report No. 94, Massachusetts Institute of Technology, January 31, 1955« 


Truxal, Jobe G., “Automatic Feedback Control System Synthesis," McGraw-Hill 
Book Co., New York, 1955. 


"Control Systems » Automatic Flight, Aircraft, General Specification for," 
Military Specification MIL-C-5900 (USAF) March 25, 1955. 


"Environmental Testing, Aeronautical and Associated Equipment, General 
Specification for," Military Specification MIL-E-5272A, July 15, 1955. 


"Specification for Flying Qualities of Piloted Airplanes," Bureau of 
Aeronautics Specification NAVAER SR-119B, June 1, 1948. 


"Flying Qualities of Piloted Airplanes," U. S. Air Force Specification No. 
1815B, June 1, 1948. , 


Davidson, Martin ed., "The Gyroscope and its Applications," London, 
Hutchinsons Scientific and Technical Publications (1946). 


oe ags . T., "Mechanics of the Gyroscope," N. Y. The MacMillan Co., 
1929). 


Terry, E. S., "Applied Gyrodynamics," oe Y. John Wiley and Sons , Ince, 
(1932, 1933). 


Rowlings, A. L., "The Theory of the Gyroscopic Compass and its Deviations," 
Ed 2, N. Y. The MacMillan Co., 1944. 


Weems, William R., "tAn Introduction to the Study of Gyroscopic Instruments," 
Department of Aeronautical Engineering Instrumentation Section, 
Massachusetts Institute of Technology, Cambridge, Mass., January IAB. 





hee iranian ce AO < Be ok Ske oh : , reo <3 Se feats 2 5 4 = So jhewet 4 8 a 


RI Ss ahd oo 


ag. oH 27. Roberts, T. Rs, "Geometrical Cross~Coupling in Rate and Displacement 
, Gyros,"" Minneapolis-Honeywell Regulator Company Report, AR 2426-R2, 
7 March 1951. 
i eee 28. Becker, Leonard, "Gyro Pickoff Indicatiors at Arbitrary Plane Attitudes," 
t 


Journal of the Heronnuvecel. Selenices » Vol 18, November 1951. 








29.  McRuer, D. T. and Askenas, I. 1. Vertical Gyro Relationships," 
Control Specialists Inc., Inglewood, California, Bau Report 
Now 5,5 = 23, 1954. : 











€ 7 
em tr ape ota Gh nna tetned m8 i 
. es 5 ‘ 
am hectic ne eta i 


: 4 
F eamenteonmecd : 
eee Fa acataimahtatl Ty = <P cn ao _ nite oem 
a 
& S * * . 
é . ‘ - ‘ 
bd go4 











APPENDIX 
_ EQUATIONS OF THE GYROSCOPE 


The development which follows is divided into four sections. The 
first section presents the derivation of the law. of the gyro element. 
The last three sections develop the equations for gyro pickoff indications, 
including the effects of geometrical cross coupling for the: rate, vertical | 


and directional gyros. 


(a) LAW OF THE GYRO ELEMENT 

This development has been made somewhat non-rigorous in the belief 
that the average flight controls engineer is more interested in what the 
gyro measures than he is in a rigorous explanation of gyro behavior. 
The reader interested in a rigorous derivation of the law is referred 


to Reference 26. 


Newton's second law states’ that an applied force acting on a particle 
will produce a rate of change of linear momentum which is equal to the 


applied force. In equation form 


(A-!) ££ = dlmv) 
we oe 


For a rigid body 77) is a constant, so 


“ 


A-1 








» 








where the acceleration is referred to inertial space. Although as stated, 
Newton's second law applies only for a particle, the law also applies for 


a rigid body, if the force is applied at the center of gravity. 


When modified to apply for rotation of a rigid body, Newton's second 
law states that the torque applied about the center of gravity of a rigid 


body will produce a rate of change of angular momentum which is equal to 
the applied torque. Then 


mn * = 


wheie 


(A-4) ~ Hs Ty 


Since Z is constant for a rigid body, Equation (A-3) can be written as 


(A-5) T= L 2 


It is impractical to proceed further without specifying the axes about 
which the torque is applied and about which Z ,w , and AY are measured. 
This is most easily accomplished by introducing some. elementary forms of 
vector notation.# Referring to Figure A-1,.the unit vector Jw. is 





*The reader unfamiliar with elementary vector manipulation is referred to 
Reference 26. ; 
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defined as having the varying direction of the gyro spin. axis, but the 


* constant magnitude of unity.* The unit vector og wh We is perpendicular 


to Lin, and in the plane defined by D5, and the torque vector. It 


will be convenient to utilize the derivative of the unit. vector. This 

is illustrated in Figure A-2, where the notation. Z(#,) denotes the position | 
of Z at time #t and L(t dt ) fhe position at time #£4.d . Since 

the magnitude of the unit vector is unity, the ‘relationship between SZ 


and. de can be expresgu as3 


’ 


(at) deja] 


Figure As1 Vector Notation for Gyro Element 


"Vector quantities are indicated by placing a bar over the appropriate 
symbol. ‘ 





A-3. 











Thus the magnitude of the time derivative of the unit vector equals its rate’ =. «) a 
of turning, or its angular velocity. The directdon of thé derivative is the | 


direction in which the tip of the unit vector moves. In vector notation the 


angular velocity is given by the: vector egess product 








| 1(t) | 
Figure A-2 Derivative of a Unit Vector 


seen dies i . ; 
(A-&) d¢ = tw, dty, a , Ay | 
, | 


dé a) — _© 


Since for a practical gyro, the rotor is spirming so rapidly about its 


spin axis that its angular momentum about any other axis is negligible, the 


gyro angular momentum can be expressed by 


(A%) He Ty O, 


where Te is measured about the spin axis. In terms of the unit vector 


notation, Equation (A-9) can be written as ‘ ' 


—A-10) Ae Ty ws Les, 


A-l, 





+e 














7 Bie FF dLy, 
A-2) J (44 Ly, )= se Lu, +, 2% 


Substituting Equation (A~10) into (A-3) results in 


(An) T=Ts # (aly ) 


The rate of change of the spin vector a, Lug can be resolved into 


components as follows 


Also the torque vector can be resolved into components. along axes parallel 


and perpendicular to Z we Then 


(4-3) Ta Ta, Lu, + Tw, Liw, 


Where the subscript Lw, means "perpendicular to WW, . Substituting 
Equations (A-12) and (A-13) into Equation (A-11) gives 





Ss 


“ ; toc4 
(A-4) Iuty Lang + Ue Lyu,= Te [S Lin, + ty : | 
















ee | 
: : 
a 
Since it was shown above that the direction of the time rate of change of 
by. a unit vector is perpendicular to the unit. vector, then dt We 


can have no component along iil - Therefore, Equation (A-14). can be written 


as two equations as shown by Equations (A-15) and (A-16). 


a. Se. ae | cn or 
(AIS) Ty, Lung =i. x igs . | el 


oe 
Tie a 
(A-le) Tu, Liu, = $s %s 








For a flight control application cU., is so large (greater than 20,000 rpm) YQ 
that any change due to torque input is negligible. Then Equation (A-15) can 
be neglected. Equation (A-16) gives the response of the gyro element toa ~ 
torque applied about an axis perpendicular to the spin vector. It is seen 
that the response consists of a rotation of the spin vector in a direction 
such that the tip of the spin vector moves parallel to the torque vector, 

This rotation is called precession, By Equation (A-8), the rate of precession, 


Wy » is.given by 
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Equation (A-17) shows the direction of the Dp vector to be perpendicular 


) dZ, 7 At 
to the plane containing the spin vector and the 5 “s vector (and there- 
x 


fore the torque vector) with its positive sense determined fron the. right. 
dlw, . 


hand rule by rotating .7,, into 


The iriverse of this equation is 


(A-18) AL tg = Dap X Lws | 
dt 





Substituting Equation: (A-18) into (A-16) gives 


By utilizing Equation (A-9), Equation (A-19) can be written as 


(A-20) Thu, thw, = We XH 
In scalar form Equation (A-20) can be written as 


AA) Tin, = G4 


A-7 





with the qualification that his ’ Wp » and H are positive in the 
directions given by Equations (A-9), (A-17), and-(A-20). It should be noted 





F ed that the law of the gyro element is reversible, in that either the precession i 


velocity or the torque may be considered as input or as output. 


(b) RATE GYRO INDICATIONS | | ee 
As discussed in Chapter II, Section 5, the rate gyro has only one degree ie 
| of freedom. Its input is considered to be precessional velocity, the output , a 


being torque which is restrained by some means such as a spring. Rate gyro 





displacement of the gyre element when the gyro is indicating an input rate. The 





U 
if 
indications are subject to internal cross coupling errors which arise from the — — - q 
| | 
{ 
fi 
displacement of the gyro element for this condition is shown in Figure A-3. 
The input reference axis can be considered as the position of the input axis 
corresponding to zero input rate. The spin reference axis is the position of Q) . 
the spin vector for the same condition. It will be noted that when the gyro 
N 


is indicating an input angular velocity, the actual input axis is displaced 


from the reference input axis. The gyro element under this condition responds 
in accordance with Equation (A-21) to only that component of the input angular 


velocity vector which lies along the displaced input axis. This component is. 


| 


oad obviously “J; cos Ay » Where %, is the input angular velocity of 


the gyro case about the input reference axis and As. 


the gimbal from the zero position. In addition, when the gimbal is displaced, 


is the deflection of 


0 eee 


the gyro element will respond to a component of an angular velocity input about 


the spin reference axis. This component is W. s/w Ay » where </ 


a 









- 4g the angular velocity of the case about the spin reference axis, Then 


the total angular rate about the displaced input axis is given: by. 
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(A-£2) die =p C05 Ay + ep, SIV 7g “ee 
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Figure A-3 Rate Gyro Relationships 
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. To determine the effects of rate gyro internal cross coupling, assume a 
- | @ yaw rate gyro to be mounted in an airframe with its input reference axis o | 

) ; of. , . i 
: ; aligned with the airframe Z axis and its spin reference axis at some arbitrary I de a 
| of angle 7) to the airframe X-axis as shown in Figure A-4. : 

—————— X (firframe) 
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; If the airframe is assumed to have rolling and pitching velocities Fa 
3 


are given by 


a 
a enero 


| and £ » the components of these velocities about the spin reference axis 
| : 


(A-23) sy, =z cas 7 +g Sin 


If it is now assumed that the gyro is indicating an input angular rate, 
the total velocity about the displaced input axis is found by substituting 





Equation (A-23) into (A-22) (or by direct resolution from Figure A-/,) to 


i be 


(A-24) Gh =P cos Aap + (p as +2 vn) si Aare 


where the subscript, #* denotes yaw rate gyro. The plus or minus sign 
4 is used before the bracket because this sign depends on ‘the direction in 


0 


| . which the gyro input axis is deflected for a positive yaw rate, which in 
t 
é J . ; 
Be x turn depends on the direction of spin. The minus sign has been assumed 


in Figure A-i. 


The indication of a rate gyro is normally obtained by measuring the 
angle As « In terms of apr ,. Ag is given by 


g 


x 


(A-25) Ay = fe 


" 
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where Ks is the restraining spring constant. In terms of Equation (A-24), QO 


or 


CA-ae) Agy = x [+ 000 Aye t lp cos 4p es or] | a 

















| where the subscript » denotes yaw rate gyro, as above. eh rd | 7 
Tt is seen that a yaw rate gyro oriented as shown in Figure A-4 does not measure 
pure yaw rate, but yaw rate plus functions of roll and pitch rates and the angle | 
7) - Since roll rates can be much larger than yaw rate, it is desirable to. | ! 
i ° eliminate the internally cross coupled roll rate component. This can be : i hy 
| accomplished by making 7 = 90°, Then Equation (A=26) becomes I 
| yo (A-27) F2, He # cas t+toswve Na Hy 
| | gE a ay “7 3r| | 
. if 
| In practice, kK, is adjusted such that o, is kept small, usually less than : 
5 degrees, Then to a good approximation, 1. 
: (4-28) cos 4 = 1, WD SW Mya Ag | 
' 


Substituting Equation (A-28) into Equation (A-27) results in 


A-12 
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for the condition in which the spin reference axis is aligned with the 


airframe Y-axis. 


In a similar manner, the indication of a pitch rate gyro oriented 





to couple yaw rate into pitch rate is given by 


: | (P-30) Pg -2/, tr 4] | 
i | ra 
: 
| 


| | 
where the subscript fF iaotes pitch rate gyro. For Equation (A-30) the 
{ 
| 
{ 
| 
| 
' 
{ 





gyro is oriented with its input reference axis aligned with the airframe 
Y-axis and its spin reference axis along the airframe Z-axis. For a 
©) a roll rate gyro oriented to couple yaw into roll, the gyro indication is 


given by 





! H, 
CA oe Aap ar Aap] 


In this case the gyro input reference axis would be aligned with the 
airframe X-axis and the spin reference axis with the airframe Z-axis. 
Equations (A-29), (A-30), and (A-31) give the rate gyro pick off oo 
indications for the orientations assumed including the effect of in- i 


ternal geometrical cross coupling. Other gyro orientations would 


result in different coupling terms, however, the orientations chosen 
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here usually provide minimum coupling effects since the relative maximun mag~ 
nitude of the airframe angular rates are usually in the order of » >> f£ Fe 
Yor this reason it is desirable to eliminate roll coupling wherever possible, 


Since the cross coupling term for each of the above cases is directly 
proportional to gimbal displacement, it is obvious that this effect ig reduced 


when the gimbal angle is kept smail. 


An effect which must be considered when conducting flight control simula- 
tion studies arises when the axes to which the airframe equations are referenced 
de not coincide with the input reference axes of the rate gyros, This condition 
is illustrated in Figure A-5 in which it is assumed that three rate gyros are 
installed with iiput reference axes aligned with the airframe body axes and that 
the airframe eque tions are referred to stability axes. Only the plane of syametry 
is shown, since t.1e Y-body and stability axes coincide. | 
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From Figure A-5, the angular velocities about the body axes in terms of 
the angular velocities about the stability axes are given by Equations 
(A-32). , 

r= P cos & ~ R SIN & 


(4-32) I = Q 


r= Roos + Psy 


When oc is small, then cos oc =< { and sin «Moc. Utilizing this 


approximation, Equations (A-32) are reduced to 
C) f= F- Rx 
| ( A-33) a =@Q 
Mma A+ Fee 
Equations (A-33) express what is sometimes called external cross coupling, 
however it should be remembered that these coupling terms arise only be- 


‘cause one chooses to compute angular rates with respect to a set of axes 


different from those along which the gyros are oriented. 


C) : A-15 








ai . | we 7 | 
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| 
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He 
{ Substituting Equations (A-33) into Equations (A-29), (A-30), and (A-31) 
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| 30 aed 1) 
i 
cas ; where pe i , etc. Neglecting the products ae p and og # ; Oo 
: and solving for Ay gives the following set of equations, © Oo Aa 
Aap = aa | ROLL 
+t 
(4-35 ) A = 2 | ~YTCH 
: if ith 
r { 
K,F9 


a 7 7 : | : e. = o 
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Equations (A-35) give rate gyro gimbal deflections in terms of 
angular velocities about a set of axes displaced from the gyro input 
reference axes by the angle oC , as shown in Figure A-5 for the parti- 

a _ . cular spin reference axes orientations considered. The effects of internal 


geometrical cross coupling are included. 


(ce) VERTICAL GYRO INDICATIONS* 

A Sigei al description of the vertical gyro is given in Section 5a 
of Chapter II of this report. It will be recalled that the vertical gyro - 
has two degrees of freedom and that the spin axis is maintained parallel | 


to the average airframe net acceleration vector by means of an erection 





mechanism which operates very slowly. Since most aircraft spend a large 
percentage of their time in level, unaccelerated flight, the average net 
acceleration vector corresponds quite closely to the gravity vector. 

In this development it is assumed that the gyro spin axis coincides 
exactly with the gravity vector. The problem of determining vertical 
gyro indications then resolves itself into that of expressing the geo- 
metrical relationships between the inner and outer gimbals, and between 





the outer gimbal and the airframe in terms of useful airframe quantities. 


In this section these relationships are first expressed in terms of the 
airframe attitude (Euler) angles. The relationships are then linearized 
and the pickoff indications are expressed for small perturbations in terms 


of the steady state attitude angles and the perturbed airframe angular 
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The development: which follows is greatly simplified through the use of 
some elementary forms of vector analysis. The few relationships which are. used 
: i _ are stated below. For the reader interested in their derivation, Reference 26. 


presents a good review of the subject. 


_ 


ae ee oe A » and & are unit vectors directed along the airframe 


x, y and z body axes respectively (Figure A-8) 





L » 7» and 32 are unit vectors directed along the gyro. rotor 


u, Vv and w axes respéctively (Figure A-8) 


me 
Q 


is the dot product of the vectors A and'B. It igs a scalar 





quantity whose magnitude is the product of A and B and the 
cosine of the angle between the vectors. 

Xx 8B is the cross product of the vectors A and B, This operation 
yields a vector quantity whose magnitude is equal to the product 
of A and B and the eine of the angle between the vectors. The 
direction of the cross product is parpendiadlag to the plane 
containing A and B, with its positive sense determined by the 
direction in which a right hand screw would move when rotated 
in the direction of A into B through an angle less than 180. 


degrees. 
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As is evident from Figure A-4, the outer gimbal bearing axis of a vertical 
‘gyro is directed along a fixed line in the aircraft. If the outer gimbal axis 
is directed more or less along the flight path (an x axis of the airframe) the 
gyro pickups measure different. quantities than those measured if the gyro case 
is turned 90 degrees to orient the outer gimbal bearing axis along the 7 axis ; 
of the airframe. Therefore, gyro pickoff indications must be derived for two 
: . cases: | 
Case I ~ the outer gimbal bearing axis is oriented along an airplane 
X-axis. , 
Case II~ the outer gimbal. bearing axis.is oriented along an airplane 
F-axise - , 
.In both cases, the spin axes of tie gyro rotor is parallel to the gravity 


vector. 


The relationships between the gravity vector and the airframe axes x, j/ 
and 2 are illustrated in Figure A-7. | . 

















Figure A-7 Gyro Vector Relationships 


From Figure A-7, it is seen that a unit vector Ug lying along the 


gravity vector can be expressed as 


(A- 36) qm wee so @) tj co @ ew Jrh cos@ cos J 
Tus debinitlonn 6 the aneted: Co “and @ are the same as used in Figure 


II-2 in Chapter IT. 





The orientation of the airframe. body axes (x,y,z) with respect to the gyro = 4 QO 
* . f : 


rotor axes (u,v,w) for Case I igs shown in Figure A=&. 
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Figure A-8 Vertical Gyro €lxis Orientation, Case I 
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From Figure A-8 the following relationships gan be written. 


A3y Cos Aog 2 ine gp 


Where Ao is the angle of the outer gimbal with respect. to the . 


airframe. Also 


(A-38) cos 4s, = +A- Gx”) 
| a [2 x7] 





where Aig is the angle of the inner gimbal with respect to the outer 


gimbal. A third relationship can be written by virtue of gyro construction. 


XL 
£} 


n 
fax y 


which merely states that the inner gimbal bearing axis is at all times per- 


(A-3SY m= 


pendicular to the plane containing the outer gimbal bearing axis and the 


rotor spin vector. Comparison. of Figures A-7 and A-& reveals a fourth 
relationship. 


(4-40) A=a 





If Equation (A+39) is substituted into Equation (A-37), the result is 


“ .* 


(4-4/) 





The numerator of Equation (A-41) can be expressed as 


ne ee tar es Lien Sn Soar gy 
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(p-42) . CAKE) GZ =A(EXZ)= Fede 


Equation (A-42) can be written as 





AA3) Fir = lig-h» cos @ cas B 
Substituting Equation (A-43) dues Equation (A-42) ‘asivie in OQ 
(A-94) (8x2. )4 = cas @ cos J | 
To determine the magnitude 7 xd ’ » the following expression is used 
(A-45) | rE laa, x2|=|7 cas) cas $- cos) sug | 


ithe magnitude of Equation (A-45) is 


(A-t) tyre | = cos &) 


A-2h . 2! 


























If Equation (A-41) is now expressed in terms of Equations (A-44) and (A-46), 


o a“ = 


the result is | 2 os Pe 


ee cos Ay = Se eee m ens B 


(A-48) Aog =g | 


To determine the expression for the angle of the inner gimbal with 


respect to the outer gimbal Equation (A-38) can be expressed as 


(4-4) CoS Ags +h ix (a tPLEX(AxL)] 


/ 
by virtue of Equation (A-39). ‘ 


By means of vector manipulation, the quantity in brackets in the numerator 
of Equation (A-49) can be simplified as follows: 


(9-50) Ex (BXE) = Fi(E4)-L (4-H) aH-Z (Z°7) 


Pd | 
“3 

re A 
_ © 

| | | _ Substituting Equation (A-36) into the right hand side of Equation (A-50) | oy 
. sy} pegutts an | . #« | : 
| (ASL) AXCAIL)e J cos Qn Jb cos @ cs F 


The magnitude of Equation (A-51) is 


(4-52) \EX(BxE)| = cos @ 





The numerator of Equation (A-49) can now be expressed in terms of the Euler 





angles as the dot product of Equations (A-36) and (A-51). The result is . 


Substituting Equations (A-52) and (A-53) into Equation (4-49) results in — 


|) 53) AA LEXCAXT)] «4 oD % * oO 
| / . 
| (A-54) cos tig = 7 cos @ 


a aa 
ee then 
‘i is 


(4-55) Ary = @ 











In summary, the gyro pickoff indications for a vertical gyro oriented . 
with its outer gimbal bearing axis aligned with the airframe X-axis and 


with the gyro rotor spin axis aligned with the gravity vector are given in 


Equations (A-48) and (A-55). These results apply for. ary combination of 


7) and g except for the condition of gimbal lock wherein the gyro 

rotor spin axis is aligned with the outer gimbal bearing axis. For Case 
I, this corresponds to @& = 490 « To prevent this occurence, most : | 
vertical gyros are constructed with built in stops which prevent inner | | 


gimbe” t .e3 Mig 3 from exceeding approximately #85°, 


The orientation of the airframe body axes and the gyro rotor axes. for 


Case II is shown in Figure A-9, 
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From Figure A-9, the following relationships can be written 
(A- $6) Cos Arg = -7+ G4) 


(A-57) cos A, bok 


A third relationship can be written by virtue of gyro construction. 


- = 


(ABB) Le x bx | | se 
rr : 0 


Substituting Equation (A-58) into Equation (A-56) gives 


(ASD) cos hg = SF AG) | 
YrGr| 


CD j 


al. Figo emia tiie hah tte 





_which can be rearranged to give 





The denominator of Equation (A-60) is evaluated by substituting the 
to, expression given for 77) in Equation (A-36) and performing the 


indicated operation. The result is 
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Utilizing Equations (A-36) and (4-62), the numerator of Equation (A-60) is 


given by . . . , V4 


(A- as) -77 oY nee nA <td Or oO aif 


When Equations (A-62) and (A-63) are combined, the result is 





| (4-64) cos Aig = (s*@ + cos*@ cos*g_) 0 ). 

| which can be reduced to 

| (A-65) = cas @& sw B | | 
a7 | | | 
' | “es To determine the outer gimbal pickoff indication, Equation (A-58) is | 

ies , | 


A substituted into Equation (A-57). The result is 


(A-66) COS Ae = 2° Gxrd 


4x7 | 
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The numerator of Equation (A-66) can be written as 
(A-67) a: G xn) = AG) A = Ain 
Substituting Equation (A-36) for 7) gives 


(B-68) h-F= cos @ cos B 


Substituting for 7) in the denominator of Equation (A-66) gives | | 


ed Fer] =z cas @) cos S14 w@} 


. which can be written as 


(9-70) |gra|= (eo@ ons + 20*@)* 


When Equations (A-68) and (A-70) are substituted into Equation (A-66), 
the result is 


(4-71) cos A= cos @ cosy” | 
(cos* Qcos*g’ +s/N*O)/& 


A-31 





Equation (A-71) can be rearranged as shown in Equation (A-72) 


(4-72) ov Aga —20@ 
7 (cos*@ cos*Sysw'*@)z 


Equations (A-65) and (A-72) give the gyro pickoff indications for Case II 
in terms of the Euler angles @ and BD . It will be noted that cross coupling 
effects exist for this gyro orientation, in that both gyro pickoff indications 
are functions of both Dm and Dp - For this reason, vertical gyros are nor- 
mally oriented with the outer gimbal bearing axis aligned with the airframe 
x-axis. . | 





@ and DB except for the condition of gimbal lock. For the gyro oriented 
as in Case II, gimbal lock corresponds to @ = 90°. 


To utilize these results in an autopilot simulator, or analog computer 





study, the Euler angles @ and g must be computed. These angles were 
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| 
Again, as for Case I, the results are applicable for any combination of C) | 
| 
| 
{ 
: | 
given in terms of the aircraft angular rates / , D , and AP as Equations 
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(II-L,) in Chapter II which are repeated below. 
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The third Equation in (A-73) can be ignored unless it is desired to solve 
for gL ° Equations (A-73) can be used in conjunction with either 
Equations (A-48) and (A-55) or (A-65) and (A-72) to compute vertical gyro 


pickoff indications » in terms of the airframe angular velocities. 


The gyro pickoff equations presented above would normally be used in 
conjunction with the complete, six degree of freedom airframe equations 
which were derived in Chapter II, When Saad with the airframe perturba- 

C) tion equations, the gyro pickoff equations can be linearized. Linearization 
is only necessary for Case II, since for Case I, gyro pickoff indications 





are linear even for large angles. For the linear equations, airframe motion 


is considered as the result of disturbing the airframe from some steady 


flight condition. Linearization is accomplished by utilizing Assumption 6 


Li | 
of Chapter II which states that all airframe motions from the steady flight 
| condition are assumed small enough so that products and squares of the dis- 


| turbance angles can be neglected, and their sines are equal to the angles 
themselves and their cosines are equal to unity, . 


Thus for Case I, 


| 
a | 
(A-14) Aug, + by = BP 













where the 6 subscript indicates steady flight value of the variable and the 
lower case letters indicate disturbances from the steady flight values. Also 


for Case I 


(4-75) Ag + Cis = Y +O 


For Case II, if the relationships | 
(9-76) Ag= Ais th, O-O0, Engr o 
are utilized, Equation A-65 pacha | 
(4-772) SN (Aig, +g alos (Q - Hla Z-A] 


which can be written as 


(4-78) sv “9, Cas 4eg . ws Ay, on fag = 


[ @ cos o- sv Baw el| ow Z cos dems Laws] | 













Since the changes from the steady flight condition will be considered 


small, the following approximations are made 


COS Ce. 


y <8 = cos Bx / 


(A-7Y) 
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S/N “is =&; 9 IV e =O WO siv Bru B 
| Utilizing Equations (he 7), rc 78) can be reduced to | 
\ | (A-80) SN (hg, *leg 8 4, = [e002 Q- emf fonrme] 


If Equation (A-80) is solved for ne angle A the result is (neglecting 
the product @ B , and recalling that sin 4 i Ses @Qeun ZF ) 








(A-8/) Ulig= — [24 @ 20g, WME lot cos @ cos g cos [fe 
cos tg, © Aig 


If for the steady flight condition chosen, £ =O , Equation (A--61) 
eo 
is reduced to 


(A-82) % f = pJos® 
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Thus for @ =O , the angle Hig is a direct indication of perturbed roll _ 
angle, when the gyro is oriented as in Case II. 


The linearized expression for the outer gimbal pickoff indication for 
Case II is developed as follows. Utilizing the approximations of Equation 
(A-79) in addition to 


(A- 83 SV Go. =~ G.. AND cos} f =/ 
) ty hy ty 
Equation, (A-71) can be written as 
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By méans of a rather lengthy but straightforward trigonometric manipulation, 
Equation (4-84) can be reduced to 
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Although Equation (A-85) appears complicated, it is not difficult to mechanize 


since all the quantities with zero subscript are constant for a given problem. 
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where, as before, the zero subscript indicates steady flight value and the 
lower case letters indicate deviations therefrom, Equations (A-89) can be 


substituted into the linearized gyro pickoff equations to obtain gyro pick- 





off indications in terms of aircraft angular rates. For Case I, 
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To utilize Equations (A-90) and (A-91) it is necessary to compute ¥ - This - QO 
is obtained by simultaneous solution of Equations (A-89) as 
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and Equations (A-90) and (A-91) canbe written as 
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Utilizing, Equatishs (A-89) the linearized gyro pickoff equations 
| for Case II are obtained. Equation ae) becomes 
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where, as before, Y is given by Equation (A-92). ° Again, considerable | 
simplification is effected if the steady flight condition is chosen such ie 
that g =O. Equations (A-96) and (A-97) for this condition become 
se cos @), : 
(A-98) dig — Io tt TAN @ ) At 
G ces Ag, 
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The relationships for vertical gyro pickoff indications as derived 
' 4n this section are summarized in Table A-l. 
Table A-l - Vertical Gyro Pickoff Equations 
Case I (outer gimbal axis aligned with airframe X-axis) 
(A-¢8) Ay ed 
(A - 55) by = @) 
Case II (outer gimbal axis aligned with airframe Y-axis) 
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(a) DIRECTIONAL GYRO INDICATIONS 

As indicated in Chapter II, the directional gyro has two degrees of 
freedom and is oriented with the outer gimbal axis along the airframe Z 
axis. The gyro rotor spin axis is normally slaved to magnetic north and 
is maintained in a horizontal plane by an erection mechanism which is 
slaved to the airframe net acceleration vector. In actual practice the 


directional gyro only provides correct yaw indications when the outer 
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gimbal axis is vertical. Therefore, errors are introduced whenever 
yawing occurs in the presence of any combination of pitch or roll 


angles. 


In this subsection, the directional gyro pickoff indication is 
derived in terms of the airframe attitude angles rs 2 @ » and Y .. 
The resulting expression is ther linearized and written in terms of 


small perturbations about some initial flight condition. 


The directional gyro pickoff indication is given by the angular 
rotation of the outer gimbal with respect to the airframe. Since the 
inner gimbal bearing axis is rigidly attached to the outer gimbal, it 
is convenient to measure the directional gyro pickoff indication as 
the angle between the inner gimbal bearing axis and some reference 
axis attached to the airframe. For this development it is somewhat 
arbitrarily assumed that the gyro rotor spin axis orientation for zero 
pickoff indication is in the plane of symmetry. This assumption simpli- 
fies the development which follows, although it in no way reduces its 
generality. For the chosen zero position of the gyro rotor spin axis, 
the inner gimbal bearing axis lies along the airframe Y-axis and it 
is therefore convenient to designate the angle between the inner gimbal 
bearing axis and the airframe Y-axis as the gyro pickoff indication. 
This arrangement is shown in Figure A-10. . 
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Figure A-10 Directional Gyro Axis Orientation oe 


| In Figure A-10,the vector representing the inner gimbal bearing axis is located 
by recalling that the inner gimbal bearing axis is at all times perpendicular 
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to the plane containing the gyro rotor spin axis and the outer gimbal bearing 
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axis, Then the vector representing direction of the inner gimbal bearing axis 
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Equation (A-100) will now be expanded in terms of the: airframe attitude 
angles g : @ » and f » To accomplish this, the components of the 
onit vector f- along the airframe axes must first be expressed in temis 
of the angles J ,@ , and L « This is sScompl i sned theater the use: 
of Figure (A-11), in which the gyro rotor axes u and v lie ina 


horizontal plane, the w axis coincides with the gravity vector, and. the 


x-axis indicates the position of the airframe. x-axis, 
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In Figure A-ll, the unit vector < describing the projection. of the airs: 


. frame X-axis on the horizontal plane is given by 
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Utilizing Equations (A-36) and (A-40), Equation (A-101) can be expanded ‘to obtain 
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The components of the unit vector 4A can now be obtained by simultaneous . 


solution of Equations (A-104), (A-105), and (A-108). The result is: 
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Equation (A~110) can now be used to expand Equation (A-100). 
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Upon expansion, Equation (A-111) becomes 
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The numerator of Equation (A-10Q) then becomes 
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The denominator of Equation (A-100) is given by the absolute value of 
Equation (A-112). Then , ie ; 
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Utilizing Equations (A-113) and (A-114,) Equation (A-100) can be expressed as: 
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of the airframe attitude angles g j @ » and gv « Equation (A-115) is 


probably too complex to mechanize on an analog computer, It is valuable however. 


in giving an insight into the type and magnitude of the gimbal errors which exist 


in directional gyro pickoff indications, To visualize these errors, it is help- 
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ful to note the directional gyro pickoff indications for various combinations of 
airframe attitude angles. Pickoff indications as obtained from Equation (A-115) 


\ 
. Equation (A-115) gives the cosine of the directional gyro pickoff angle in terms 
for several combinations are summarized in Table A-2. 
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Table A-2 Directional Gyro Pickoff Indications 
It will be noted that correct indications are obtained when Y = +90, 


when 2 iE Os vhen @ = % =0, and of course, when 9 ~@ 


= 0. Errors are introduced for all other combinations of attitude angles. 


Equations (A-115) can be linearized by the same method used in con- 


junction with the vertical gyro. equations. The resulting linear equation 
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can be used in conjunction with the aintcane perturbation equations to study 
the motion of an airframe under autopilot control for small disturbances. from 

/ some: initial attitude. It will be recalled that linearization is accomplished” 
by assuming that airframe disturbances from the initial attitude are small 
enough that the cosines of the disturbance angles can be set equal Es wade 


sines of the angeles are equal to the angles themselves, and peosneys of the 


angles. can be neglected. 
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It will be noted that Equation (A-117) is linear. 


As show, Equation (A-117) gives the perturted indication of a 
directional gyro for an arbitrary initial airframe attitude. Considerable ie él 
simplification is effected for certain specific initial attitudes. These . | | 
are sumarized in Table A-3. | | 
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